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T p i s  report was prepared a s  an account of Government sponsored 
work. Neither the United S ta t e s ,  nor the National Aeronautics 
and Space Administration (NASA), nor any person ac t ing  on behalf 
of NASA : 

A. )  Maker any warranty or  representation, expressed o r  
implied, wi th  rempect t o  the accuracy, comple$eness, or 
usefulness of the  $nformatioa contained in t h i 6  =port, 

or process dfsclotaed i n  t h i s  report may not infr inge 
privately owned r igh ts ;  o r  

I or  t ha t  the use of any information, apprmtus ,  method, 

B.) Assumes any l i a b i l i t i e s  w i t h  respect t o  the  use o f ,  o r  
f o r  damages resu l t ing  from the  use of any information , 
apparatue, method o r  process disclosed i n  t h i s  report. 

A 6  used above, "person acting on behalf of NASA" include6 any 
employee or contractor of NASA, or employee of such contractor ,  
to  the extent t h a t  such employee or  contractor of NASA, or 
employee of such contractor prepares, disseminator, o r  provider 
accees to ,  any information pursuant t o  h i s  employment or  
contract  with NASA, or h i s  employment w i t h  6uch contractor.  
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DEVELOPMENT OF HIGH-TEMPERATURE CHROMIUM ALLOYS 

by J ,  W .  C l a r k  and C .  S .  Wukusick 

General E l e c t r i c  Company 

SUMMARY 

Some 40 chromium a l l o y s  have been i n d u c t i o n  me l t ed ,  cast a s  i n g o t s  of 
abou t  f o u r  pounds e a c h ,  and processed t o  smal l -d iameter  b a r  s t o c k .  In  a d d i t i o n ,  
o v e r  150 compositions were a r c  melted as 50 t o  100 gram b u t t o n s  and were 
s e l e c t i v e l y  eva lua ted  w i t h  r e s p e c t  t o  c r i t i c a l  p r o p e r t i e s .  S e v e r a l  of t h e  
d i l u t e ,  d i spe r s ion - s t r eng thened  a l l o y s  e x h i b i t e d  d u c t i l i t y  a t  sub-zero temp- 
eratures  combined wi th  t e n s i l e  s t r e n g t h s  over  35,000 p s i  a t  1900'F. 
of 4 atomic pe rcen t  Mo raises t h e  t e n s i l e  s t r e n g t n  of ca rb ide -con ta in ing  a l l o y s  
t o  about 60,000 p s i  a t  1900°F, w i t h  t h e  expected expense t o  low-temperature 
d u c t i l i t y .  Add i t ions  oP W a r e  even more e f f e c t i v e  s t r c n g t n e n e r s ,  w i t n  t e n s i l e  
s t r e n g t h s  of 81,000 and 30,000 p s i  a t  1900' and 2400'F r e s p e c t i v e l y  be ing  
measured i n  a C r - G W - . l Y  a l l o y ,  bu t  have a more d e t r i m e n t a l  e f f e c t  on t h e  work- 
a b i l i t y  than  does  Mo. 

Addi t ion  

The most promising approach i d e n t i f i e d  i n  t h e  b u t t o n  a l l o y s  i s  t h e  u s e  of 
La t o  i n h i b i t  n i t r i d a t i o n  and consequent embrittlcri1t~:lt ci1ir.j n?; xLr cxposurc  
a t  e l e v a t e d  t empera tu res .  Xven composition;; c o n t a i a i n g  c a r b i d e s  r i c n  i n  
Cb o r  T a ,  which o the rwise  a r e  n i g i l i y  s u s c e p t i b l e  to n i t r o A : . l , i i  a t t z c k ,  i * c s i s I ,  
such  a t t a c k  i n  a l l o y s  wi th  a d d i t i o n s  of 0 . 3  t o  0 .5  atomic percent  L a .  Lower 
c o n c e n t r a t i o n s  are e q u a l l y  e f f e c t i v e  i n  a l l o y s  w i t h  Group I V  A c a r b i d e s ,  
which have b e t t e r  i n h e r e n t  r e s i s t a n c e  t o  n i t r i d a t i o n .  

INTRODUCTION 

Tne  u s e  of chromium as  a base  f o r  e l eva ted - t empera tu re  s t r u c t u r a l  a l l o y s  
h a s  been l i m i t e d  i n  t h e  p a s t  by i t s  r a t h e r  low s t r e n g t h ,  d i f f i c u l t i e s  i n  
m e l t i n g  and c a s t i n g ,  t h e  l a c k  of d u c t i l i t y  a t  low t e m p e r a t u r e s ,  and i t s  
f u r t h e r  embr i t t l emen t  d u r i n g  extended exposure t o  a i r  a t  p o t e n t i a l  s e r v i c e  
t empera tu res  (due p r i m a r i l y  t o  a high r e a c t i v i t y  w i t h  n i t r o g e n ) .  Ea r l i e r  
s t u d i e s  of induction-melted , wrought chromium a l l o y s  by t h i s  l a b o r a t o r y  (I-') 
have i d e n t i f i e d  a l l o y  sys t ems  which n o t  o n l y  e x h i b i t e d  s i g n i f i c a n t  s t r e n g t n  
advantages  ove r  c u r r e n t l y  a v a i l a b l e  s u p e r a l l o y s  a t  t empera tu res  above about 
1800°F, bu t  which a l s o  gave i n d i c a t i o n s  of overcoming o r  r educ ing  t h e  s e v e r i t y  
of t h e  aforementioned problems. 



Using t h i s  p r i o r  work a s  a b a s i s ,  i t  i s  tne o v e r a l l  o b j e c t i v e  of t h e  
p r e s e n t  r e sea rch  program t o  f u r t h e r  ex tend  t h e  u s e f u l  t ime-temperature- 
stress regime under which chromium a l l o y s  can be app1ied.i .n a d v a n c a l a i r -  
b r e a t h i n g  propuls ion  s y s t e m s .  S e v e r a l  a l l o y i n g  approacries are be ing  eva lu -  
a t e d  i n  terms of t h e i r  e f f e c t s  on s t r e n g t h ,  d u c t i l i t y  and n i t r i d a t i o n  re- 
s i s t a n c e .  These a proaches have been d e s c r i b e d  i n  some d e t a i l  i n  t h e  f i r s t  
semi-annual r e p o r t  p4) and need no t  be r epea ted  f u l l y  h e r e .  V e r y  b r i e f l y ,  
f i v e  broad classes of a l l o y s  are inc luded  i n  t h e  s t u d y .  These f i v e  t y p e s  
of a l l o y  sys tems,  w i t h  examples of t h e  a d d i t i o n s  be ing  made, are: 

1. N i t r i d a t i o n  i n h i b i t o r s  ( Y ,  Th, Hf) 
2 .  S o l i d - s o l u t i o n  s t r e n g t h e n e r s  (Mo, W) 
3 .  S o l i d - s o l u t i o n  d u c t i l i z e r s  (Re, Ru, CO) 
4. Dispers ion  s t r e n g t h e n e r s  ( c a r b i d e s ,  b o r i d e s ,  i n t e r m e t a l l i c s )  
5. Complex combinations of above. 

The exper imenta l  program i s  d i v i d e d  i n t o  Tasks I and 11. Task I ,  w i t h  
which t h i s  r e p o r t  i s  conceriied, c o n s i s t s  of t h e  p r e p a r a t i o n  and e v a l u a t i o n  
of some 60 -to 6 5  a l l o y s  a s  n e a t s  of approximate ly  f o u r  pounds each and some 
150 a l l o y s  as small arc-melted b u t t o n s .  Upon completion of Task I ,  t h e  f i v e  
composi t ions  with t h e  most u s e f u l  combination of p r o p e r t i e s  w i l l  be s e l e c t e d  
f o r  c o n s o l i d a t i o n  as l a r g e r  h e a t s ,  and t h e s e  a l l o y s  w i l l  be e v a l u a t e d  i n  
g r e a t e r  d e t a i l  i n  Task 11. 

TECHNICAL APPROACH 

In  s e v e r a l  i n s t a n c e s ,  s u f f i c i e n t  d a t a  are a v a i l a b l e  from p r i o r  work t o  
s p e c i f y  compositions which m e r i t  f u l l  e v a l u a t i o n  i n  Task I .  I n  o t h e r  cases,  
t h i s  p r i o r  work has  i d e n t i f i e d  p o t e n t i a l l y  f r u i t f u l  a l l o y i n g  approaches ,  b u t  
nas n o t  proceeded t o  t h e  p o i n t  t h a t  e x a c t  composi t ions  can be recommended wi th  
conf idence .  In t h e  l a t t e r  i n s t a n c e s ,  i t  w a s  cons ide red  more e f f i c i e n t  
t o  P i r s t  conduct su rveys  of such  a l l o y  systems u s i n g  h e a t s  of smaller s i ze  and 
c o n f i n i n g  t h e  e v a l u a t i o n  t o  t h e  most c r i t i c a l  c h a r a c t e r i s t i c ( s )  a f f e c t e d  by 
t h e  v a r i a b l e  under s t u d y .  Th i s  approach w a s  adopted for t h i s  program, and 
f o u r  s e p a r a t e  phases of a l l o y  d e s i g n  a r e  be ing  under taken  i n  Task I :  

A i  F i r s t  series of  induct ion-mel ted  n e a t s  (3-4 pounds). 
B .  Small h e a t s  f o r  s y s t e m  su rveys  (50-100 grams).  
C .  S e r i e s  of induct ion-mel ted  h e a t s  based on A.and B. 
D Optimized compositions based on A th rough C .  

Two somewhat a r b i t r a r y  " s t anda rds"  are employed i n  t h e  i n i t i a l  phases 
of Task 1 .  B r i e f l y ,  t h e  i n t e n t  i s  t o  e v a l u a t e  s e v e r a l  a l l o y i n g  approaches 
u s i n g  a d d i t i o n s  t o  or d e p a r t u r e s  from t n e  s t a n d a r d  a l l o y s .  T h i s  s t a n d a r d  
could  nave been s e l e c t e d  a s  una l loyed  C r  or perhaps C r - Y .  R e s u l t s  from 
e i t h e r  of t h e s e  would probably y i e l d  t h e  same r e l a t i v e  r a t i n g  of t h e  e f f e c t i v e -  
n e s s  of t h e  f u r t h e r  a d d i t i o n s .  The r e s u l t s  would n o t ,  however, be l i k e l y  t o  
approach those  r e q u i r e d  f o r  t h e  t i m e / t e m p e r a t u r e / s t r e s s  regime of i n t e r e s t  h e r e  
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The s t anda rd  so lu t ion - s t r eng thened  a l l o y ,  i n  atomic p e r c e n t ,  i s :  
Cr-4Mo-. 1Y (Cr-7.1Mo-. 17Y i n  weight pe rcen t )  

A s  might be expec ted ,  W has  a cons ide rab ly  h ighe r  s t r e n g t h e n i n g  e f f e c t  
t h a n  M o  a t  e l e v a t e d  tempera tures  on an atomic b a s i s .  When t h e  i n c r e a s e  i n  
s t r e n g t h  per weight pe rcen t  s o l u t e  is cons ide red ,  W and Mo a r e  e s s e n t i a l l y  
e q u i v a l e n t  a t  2000'F and W i s  s u p e r i o r  a t  h ighe r  t empera tu res .  
p r i o r  expe r i ence  i n  t h e s e  l a b o r a t o r i e s  i n d i c a t e s  t h a t  W a d d i t i o n s  a r e  l i m i t e d  
t o  about 4 atom percent  by t h e  s o l i d - s t a t e  m i s c i b i l i t y  gap i n  t h e  Cr-W 
s y s t e m  ( 2 ) .  More h i g h l y  a l loyed  compositions reject  a W-rich s o l i d  s o l u t i o n  
upon ag ing  a t  t empera tures  below 1800°F and a t t empt s  t o  work such a l l o y s  
have n o t  been s u c c e s s f u l .  A l l o y s  wi th  somewhat h ighe r  atomic c o n c e n t r a t i o n s  
of Mo have been reduced from ingot  t o  b a r  s t o c k  and t h e i r  s t r e n g t h s  and 
o x i d a t i o n  p r o p e r t i e s  a r e  r a t h e r  a t t r a c t i v e .  The re fo re  Mo a l l o y s  have been 
emphasized i n  p re fe rence  t o  W i n  t he  i n i t i a l  phases of Task I .  The Cr-4Mo-.lY 
a l l o y  s e l e c t e d  as t h e  s t anda rd  a l l o y  w i l l  p rovide  an i n c r e a s e  of some 20,000 p s i  
i n  t h e  2000'F t e n s i l e  s t r e n g t h  over t h a t  of Cr or C r - Y ,  y e t  should permit 
p r o c e s s i n g  wi thout  undue d i f f i c u l t y .  

However, 

The s t anda rd  reac t ive-meta l /carbon a l l o y ,  i n  atomic p e r c e n t ,  is: 
C r - .  05Y-. 4Zr-. 2Ti-. 4C 
(Cr-.085T-.?Zr-.2Ti-.09C i n  weight pe rcen t )  

The use of a Z r - r i ch  combination of Zr and T i  as t h e  c a r b i d e - s t a b i l i z i n g  
a d d i t i o n  r e p r e s e n t s  t h e  approach which has  y i e lded  t h e  b e s t  ba lance  of c r i t i -  
cal  p r o p e r t i e s  i n  our  p r i o r  work (1*2). 
t h e  s t anda rd  i n  Phases A and B of Task I .  Volume f r a c t i o n s  of t h e  d i s p e r s e d  
phase ,  r eac t ive -me ta l  t o  i n t e r s t i t i a l  r a t i o s ,  and compositions of t h e  com- 
pound-s t ab i l i z ing  e lements  have been v a r i e d  w i t h  t h i s  s t anda rd  as t h e  b a s i s  
f o r  comparison. A l i m i t e d  eva lua t ion  of b o r i d e s  i s  a l s o  be ing  performed. 

T h i s  type  of c a r b i d e  is used as 

F i n a l l y ,  t h e  d e s i r e d  l e v e l  of r e t a i n e d  y t t r i u m  i s  dependent on t h e  
type  of a l l o y  under c o n s i d e r a t i o n .  Binary a l l o y s  wi th  r e s i d u a l  Y l e v e l s  of 
3 . 3 %  and h i g h e r  a r e  q u i t e  easy  t o  work and have good o x i d a t i o n  r e s i s t a n c e .  
Addi t ions  of s u b s t i t u t i o n a l l y  s o l u b l e  e lements  do n o t  markedly reduce  t h e  
t o l e r a n c e  f o r  F, p a r t i c u l a r l y  i n  the case  of non-reac t ive  s o l u t e s .  Carbide- 
s t r eng thened  a l l o y s  on t h e  o t h e r  hand, a r e  ho t - shor t  and s u f f e r  i n t e rmed ia t e -  
tempera ture  n i t r i d a t i o n  and consequent embr i t t l emen t  a t  Y c o n t e n t s  above 
0.2% and most c o n s i d e r a t i o n s  i n d i c a t e  t h a t  t h e  optimum l e v e l  may be more 
n e a r l y  0 .1%.  Microprobe scans  of such a l l o y s  and emission a n a l y s e s  of ex- 
t r a c t e d  phases show a lower s o l u b i l i t y  of Y and/or a tendency t o  s e g r e g a t e  
t o  t h e  c a r b i d e s .  For  t h e s e  r easons ,  an in tended  Y l e v e l  of .17% ( . l  atom %) 
i s  used a s  a s t anda rd  i n  t h e  Phase A a l l o y s  which do  not  c o n t a i n  s o l u b l e  
second phases such a s  c a r b i d e s ,  and a lower l e v e l  of .085% Y ( . 0 5  atom %) 
has  been e s t a b l i s h e d  a s  t h e  standard i n  t h e  d i spe r s ion - s t r eng thened  a l l o y s .  

A t o t a l  of some 40 compositions which r e p r e s e n t  f i v e  g e n e r a l  t ypes  of 
a l l o y s  have been s e l e c t e d  f o r  s c reen ing  i n  Phase A .  Conso l ida t ion  of t h e s e  
a l l o y s  has  been performed p r i m a r i l y  by induc t ion  mel t ing  of Hz-reduced chromium 
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and c a s t i n g  as 2.125'' d i ame te r  i n g o t s .  
of Mo-canned b i l l e t s  followed by swaging t o  0.25" d i a m e t e r .  
from one r e p r e s e n t a t i v e  a l l o y  from each of t h e  f i v e  types  i s  s u b j e c t e d  t o :  

The i n g o t s  a r e  processed by e x t r u s i o n  
Wrought bar  s t o c k  

1. A complete chemical a n a l y s i s  f r o m  t h r e e  l o c a t i o n s  i n  t h e  o r i g i n a l  
ingot  t o  document homogeneity. 

2 .  A m i c r o s t r u c t u r a l  s tudy  of h e a t  t r ea tmen t  response  i n  t h e  range 
1400'F t o  va lues  i n  excess of t h e  solvus t empera ture  of d i s p e r s e d  
phases.  

3 .  Low-temperature t e n s i l e  tests i n  t h e  t h r e e  most a t t r ac t ive  thermal 
cond i t ions  t o  de te rmine  t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  tempera ture .  

Heat t rea tment  of t h e  remaining a l l o y s  i n  Phase A is based on t h e  above 
r e s u l t s .  A l l  t h e  f o l l o w i n g  a r e  determined on a l l  Phase A a l l o y s :  

1. Analys is  for i n t e r s t i t i a l s  and y t t r i u m  t o  i n s u r e  t h e  combined 0, 
p lus  N2 c o n t e n t  does n o t  exceed 300 Ppm t o t a l  and t h a t  t h e  r e t a i n e d  
Y l e v e l  is i n  t h e  intended r ange .  

2 .  The d u c t i l e - b r i t t l e  t r a n s i t i o n  tempera ture  i n  t e n s i o n .  

3. Elevated- tempera ture  t e n s i l e  s t r e n g t h  i n  vacuum ( i n  t h e  range  1900' - 
2400'F) i n  one wrought and one f u l l y  r e c r y s t a l l i z e d  c o n d i t i o n .  

A i r  o x i d a t i o n  behavior  i n  t h e  range 1500' - 2400'F. 4 .  

5. Meta l lographic  e v a l u a t i o n  of t h e  above specimens. 

I n  Phase B ,  s e v e r a l  d i f f e r e n t  a l l o y i n g  approaches are be ing  s t u d i e d  i n  
t e r m s  of s p e c i f i c  e f f e c t s  on phase r e l a t i o n s h i p s ,  w o r k a b i l i t y  and low-temper- 
a t u r e  d u c t i l i t y ,  and r e s i s t a n c e  t o  n i t r o g e n  embr i t t l emen t .  Conso l ida t ion  of 
t h e s e  compositions i s  by arc me l t ing  of small b u t t o n s  or d r o p  c a s t i n g s ,  and 
c r i t i c a l  a l l o y  i n t e r a c t i o n s  i n  each series a r e  be ing  i n v e s t i g a t e d  by s e l e c t i v e  
m i c r o s t r u c t u r a l  a n a l y s e s ,  o x i d a t i o n ,  f o r g i n g  and r o l l i n g  t r i a l s ,  and bend 
t e s t i n g .  

R e s u l t s  from Phase A and B w i l l  be used a s  t h e  b a s i s  f o r  des ign  of more 
n e a r l y  optimized a l l o y s  i n  l a t e r  phases of Task I .  Approximately 20 com- 
p o s i t i o n s  w i l l  be prepared and eva lua ted  a s  i n  Phase A .  I n  a d d i t i o n  t o  t h e  
tests descr ibed  above, 100-hour c reep - rup tu re  s t r e n g t h s  w i l l  be determined 
a t  2100° and 2400'F f o r  t hose  a l l o y s  which e x h i b i t  t h e  b e s t  combination of 
o t h e r  c r i t i c a l  p r o p e r t i e s .  
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EXPERIMENTAL RESULTS - PHASE A 

Consol i d a t  i o n  

Analyses of r a w  materials used i n  me l t ing  t h e  Phase A a l l o y s  are shown 
i n  Table  I .  A l l  of t h e  induction-melted h e a t s  were made from t h e  hydrogen- 
reduced e l e c t r o l y t i c  f l a k e .  The iod ide  chromium w a s  used on ly  i n  p r e p a r a t i o n  
of h igh -pur i ty  unalloyed chromium by e x t r u s i o n  and swaging of s t ee l - shea thed  
c r y s t a l s  and a Cr -35Re  a l l o y  by a r c  m e l t i n g ,  

Seven-pound a l l o y  charges  were used throughout t h e  i n d u c t i o n  me l t ing  work 
d e s c r i b e d  below. T o t a l  y t t r i u m  c o n c e n t r a t i o n s  of 0 .5  t o  0.8% were employed, 
depending on t h e  d e s i r e d  r e s i d u a l  l e v e l .  In  each case t h e  chromium, non- 
r e a c t i v e  s o l u t e s  such as molybdenum or t u n g s t e n ,  and 0.4% y t t r i u m  were blended 
and co ld  pressed  i n t o  c y l i n d r i c a l  b r i q u e t t e s .  The remainder of t h e  y t t r i u m  
and a l l  r e a c t i v e  s o l u t e s ,  such as Group I V  A and V A me ta l s  and carbon,  w e r e  
p laced  i n  a charg ing  t r a y  i n  t h e  furnace  f o r  a d d i t i o n  t o  t h e  m e l t  l a t e r  i n  
t h e  cycle.  

A l l  a l l o y s  were melted i n  a 2 5  KW NRC vacuum i n d u c t i o n  f u r n a c e ,  which can 
accomodate h e a t  sizes up t o  about  15 pounds. A Y203-s tab i l ized  Z r 0 2  c r u c i b l e  
w a s  packed i n s i d e  t h e  induc t ion  c o i l  w i th  coa r se  Z r 0 2  g r i t  s e r v i n g  t o  i n s u l a t e  
t h e  c r u c i b l e  from t h e  c o i l  assembly. The c r u c i b l e ,  which was used f o r  on ly  
one m e l t  and then  r e p l a c e d ,  w a s  s ea l ed  t o  t h e  assembly and a ZrO, pour ing  spout  
w a s  machined and a t t a c h e d  t o  t h e  l i p  by a c l o s e  mechanical f i t .  A f t e r  l o a d i n g  
t h e  b r i q u e t t e d  charge  i n t o  t h e  c r u c i b l e ,  t h e  f u r n a c e  w a s  evacuated  t o  a p r e s s u r e  
of about lo-" t o r r .  
c o i l ,  were approximately 10- 
under vacuum, u n t i l  t h e  charge  tempera ture  reached about 2000'F. P u r i f i e d  
a rgon  was then admitted t o  t h e  chamber t o  a p a r t i a l  p r e s s u r e  of 650-7@0mm, 
and t h e  remainder of t h e  me l t ing  cycle was conducted i n  t h i s  i n e r t  atmosphere 
i n  o r d e r  t o  reduce  v a p o r i z a t i o n  of t h e  chromium. The power was inc reased  
t o  15-18 KW u n t i l  t h e  charge  was completely mol ten ,  which r e q u i r e d  8-10 minutes  
from t h e  t i m e  t h e  argon w a s  i n t roduced .  Power i n p u t  w a s  t hen  reduced t o  
10-12 K W ,  r e s u l t i n g  i n  a s t a b l e  superhea t  of 10O0-15O0F. 
charge  molten f o r  1 5  minutes under the  s t a t i c  atmosphere of a rgon ,  t h e  re- 
mainder of t h e  y t t r i u m  and any o t h e r  r e a c t i v e  s o l u t e s  i n  t h e  p a r t i c u l a r  a l l o y  
were added from t h e  cha rg ing  t r a y .  Each m e l t  was s t i r r e d  by r a p i d  c y c l i n g  
between power s e t t i n g s  of 12 and 20 KW, he ld  f o r  an a d d i t i o n a l  4-5 minu tes ,  
and cast wi th  power on. 

Leak rages, measured j u s t  b e f o r e  app ly ing  power t o  t h e  
torr  per  minute.  I n i t i a l  h e a t i n g  w a s  performed 

A f t e r  ho ld ing  t h e  

Charges were cast  i n t o  copper molds f i t  w i t h  2.125" d i ame te r  CaO-stabil- 
i z e d  ZrOz mold l i n e r s  and Zr02 ho t - tops .  The ceramic l i n e r s  are necessary 
t o  p reven t  s o l i d i f i c a t i o n  c racks  which occur i n  a l l  b u t  t h e  most d i l u t e  a l l o y s  
upon c a s t i n g  d i r e c t l y  i n t o  copper c h i l l  molds, Hot - tops ,  which consumed 
about  t h r e e  pounds of t h e  t o t a l  charge ,  are necessa ry  t o  p reven t  e x t e n s i o n  
of t h e  s o l i d i f i c a t i o n  p ipe  i n t o  the i n g o t .  Thus sound i n g o t s  of about  f o u r  
pounds were ob ta ined  by t h i s  c a s t i n g  technique .  
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Nominal compositions of t h e  induct ion-melted a l l o y s  of Phase A a r e  
presented  i n  Table 2 ,  which a l s o  i n c l u d e s  analyzed g a s ,  y t t r i u m ,  and 
zirconium c o n t e n t s .  In  a l l o y s  whicn c o n t a i n  no i n t e n t i o n a l  z i rconium 
a d d i t i o n ,  t h e  l a t t e r  a n a l y s i s  i s  i n d i c a t i v e  of t h e  degree of r e a c t i o n  01 
t h e  m e l t  wi th  t h e  s t a b i l i z e d  ZrO,  c r u c i b l e s  and mold l i n e r s .  I n  g e n e r a l ,  
p ickup of only a f e w  hundred ppm Z r  o c c u r r e d .  Gaseous i m p u r i t i e s  are 
w e l l  below t h e  l i m i t  of 300 ppm e s t a b l i s h e d  f o r  t h i s  program. R e v i s i o n s  
i n  t h e  melt ing and c a s t i n g  p r a c t i c e  have e f f e c t i v e l y  e l i m i n a t e d  t h e  d r a s t i c  
contaminat ion  experienced i n  t h e  f i r s t  series of h e a t s  of  t h e s e  a l l o y s  (4). 
Ytt r ium r e t e n t i o n  i s  g e n e r a l l y  w i t h i n  t h e  in tended  r a n g e ,  b u t  i n  a few 
i n s t a n c e s  very l o w  r e s i d u a l  y t t r i u m  l e v e l s  were recorded .  T h i s  b e h a v i o r ,  
whicn p a r a l l e l s  e a r l i e r  exper ience  ( 2 q  3, , r e f l e c t s  t h e  h igh  r e a c t i v i t y  
of y t t r i u m  wi th  i m p u r i t i e s  such as oxygen and i s  a s s o c i a t e d  w i t h  minor 
d i f f e r e n c e s  i n  s l a g  format ion  from h e a t  t o  h e a t .  

Cas t  m i c r o s t r u c t u r e s  of s e v e r a l  a l l o y s  are shown i n  F i g u r e  1, (The 
composi t ion of t h e  " K r o m i c "  a c i d  e t c h a n t  is shown i n  Appendix A ) .  The C I - 1  
a l l o y  i s  r e p r e s e n t a t i v e  of t h e  C r - Y  and Cr-M-Y series where M i s  a non- 
r e a c t i v e  s u b s t i t u t i o n a l  s o l u t e  such a s  Mo or W .  I n  such a l l o y s  i s o l a t e d  
i n t e r g r a n u l a r  p a r t i c l e s ,  presumably Y-r ich ,  a r e  observed and t h e r e  i s  some 
i n t r a g r a n u l a r  p i t t i n g  a s  shown i n  F i g u r e  1 A .  The Cr-4Re-.lY a l l o y  i n  F i g u r e  1 B  
e x h i b i t s  i n  a d d i t i o n  a semi-continuous grain-boundary phase i n  some a r e a s .  
S i n c e  t h i s  R e  c o n c e n t r a t i o n  i s  Par below t h e  s o l u b i l i t y  l i m i t  and t h e  r e s i d u a l  
Y c o n t e n t  i s  q u i t e  low, i t  i s  p o s s i b l e  t h a t  t h i s  phase i s  a complex oxide  
r i c h  i n  R e .  The s u g g e s t i o n  of e u t e c t i c  f r e e z i n g  a t  t h e  t r i p l e  p o i n t  shown 
would tend t o  suppor t  t h i s  p o s s i b i l i t y ,  

A l l o y s  with t h e  s t a n d a r d  ZTC (Zr-Ti-C) a d d i t i o n  have t h e  appearance 
i l l u s t r a t e d  i n  F i g u r e  1 C .  An i n t e r g r a n u l a r  c a r b i d e  network,  which previous  
work 
mucn f ine r  c a r b i d e  d i s p e r s i o n ,  r i c h  i n  T i c ,  p r e c i p i t a t e s  throughout  t h e  
mat r ix  d u r i n g  c o o l i n g .  Al loys  which c o n t a i n  a s  t h e  c a r b i d e - s t a b i l i z i n g  
a d d i t i o n  on1 Z r  znd/or H f ,  each of which h a s  r a t h e r  r e s t r i c t e d  s o l u b i l i t y  
i n  chromium 
form only  a few f i n e l y  d i s p e r s e d  c a r b i d e s  i n  t h e  a s - c a s t  c o n d i t i o n ,  as snown 
i n  F i g u r e  l D ,  

has shown t o  be  r i c h  i n  Z r C ,  i s  formed upon s o l i d i f i c a t i o n .  A ( 2 ,  3 )  

' ) ,  e x h i b i t  t h e  same type  of i n t e r g r a n u l a r  network but  

(6' 7 ,  s t a b i l i z i n g  Carbide-containing a l l o y s  t h a t  nave more h i g h l y  s o l u b l e  
a d d i t i o n s  such as T i ,  C b ,  or Ta nave much less pronounced i n t e r g r a n u l a r  
networks and a l s o  form a more g e n e r a l  i n t r a g r a n u l a r  d i s t r i b u t i o n  of  f i n e  c a r -  
b i d e s  a s  shown i n  F i g u r e s  1 E  and 1F. I t  w i l l  be  shown i n  f o l l o w i n g  s e c t i o n s  
t h a t  t h e  s t r e n g t h s  of such  ak loys  a r e  c o n s i d e r a b l y  h i g h e r  t h a n  t h o s e  which 
c o n t a i n  o n l y  Z r C  o r  H f C  a d d i t i o n s .  

ProcessinE 

Aftcr grit b l a s t i n g  t o  remove rcninants of t h e  ZrO, mold liner, each of t n e  
ingots wa5 cropped by  power hacksaw a t  t n e  j u n c t i o n  wi th  t h e  h o t - t o p .  P r i o r  
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t o  e x t r u s i o n ,  t h e  i n g o t s  were encased i n  p r o t e c t i v e  cans  wi th  an OD of 2.06". 
The d i l u t e  a l l o y s ,  those  which contained no major s u b s t i t u t i o n a l  s o l u t c s  , 
were canned i n  mild s teel  and t h e  remainder i n  molybdenum. They were machined 
from a s - c a s t  d i ame te r s  of 2 .2  .1" t o  b i l l e t  diameters of 1 . 9  + . 05" ,  t h e  
e x a c t  dimensions be ing  governed by the  I D  of t h e  can. L ids  were welded t o  
t h e  cans  by t h e  tungs t en  a r c  process  i n  a vacuun-purged chamber b a c k - f i l l e d  
w i t h  h igh  p u r i t y  helium, then  t h e  cans were evacuated and s e a l e d  by e l e c t r o n  
be  a m  w e  I d  i n g  . 

A l l  of t h e  f i r s t  group of a l l o y s  were ex t ruded  from 2.13" d i ame te r  con- 
t a i n e r s  through 0 . 7 5 "  diameter  d i e s ,  
p re sen ted  i n  Table  3. Heat ing  was performed i n  an i n d u c t i o n  u n i t  under a 
p r o t e c t i v e  atmosphere of a rgon .  The canned b i l l e t s  were soaked f o r  10  
minutes  a t  t empera tu re ,  then t r a n s f e r r e d  t o  t h e  c o n t a i n e r  of a 1250 t o n  
h y d r a u l i c  p r e s s  (Lowey Hydropress) wi th  hand l ing  times of 10 t o  1 5  seconds.  
L u b r i c a n t s  were powdered g l a s s  p lus  a mixture of n e c r o l i n e  and g r a p h i t e .  The 
t o o l  steel d i e s  were f lame sprayed wi th  ZrO, t o  reduce  wash and extend t h e i r  
u s e f u l  l i v e s .  S o l i d  g r a p h i t e  back-up blocks were i n s e r t e d  behind t h e  b i l l e t s  
t o  reduce  t h e  e x t e n t  of t k e  ex t rus ion  d e f e c t s  i n  t h e  t r a i l i n g  ends .  In- 
s p e c t i o n  of t h e  ex t ruded  sbock w a s  performed by r a d i o g r a p h i c  and f l u o r e s c e n t  
p e n e t r a n t  t echn iques ,  Other t han  minor nose b u r s t s  and t h e  t y p i c a l  t r a i l i n g -  
end d e f e c t s ,  no i n t e r n a l  f l aws  were d e t e c t e d .  

A summary of t h e  e x t r u s i o n  d a t a  is 

Process ing  t o  f i n a l  dimensions w a s  accomplished by swaging. The gene ra l  
p rocedure  i n  swaging t o  0.25" diameter involved c a r e f u l  i n s p e c t i o n  of i n -  
d i v i d u a l  3" l e n g t h s  of e x t r u s i o n  by macroe tch ing ,  f l uo rescen t -dye  p e n e t r a n t ,  
and i n  some cases, me ta l log raph ic  techniques  t o  e n s u r e  sound s t a r t i n g  m a t e r i a l .  
I n i t i a l  swaging of t h e  b i l l e t s ,  with t h e  p r o t e c t i v e  j a c k e t  i n t a c t ,  was pe r -  
formed a t  t empera tu res  r ang ing  from 150' t o  250'F below t h e  e x t r u s i o n  temper- 
a t u r e ,  t h e  smaller tempera ture  r educ t ions  be ing  used f o r  t h e  more complex a l l o y s .  
Heat ing  was done i n  molybdenum-wound tube  f u r n a c e s  under a p r o t e c t i v e  atmos- 
phere  of f lowing  hydrogen. Heating between passes w a s  l i m i t e d  t o  3 t o  5 
minutes and any c racks  which were observed d u r i n g  working were cropped whi le  
t h e  m a t e r i a l  w a s  s t i l l  h o t ,  u s i n g  a high-speed cu t -of f  wheel. The b a r  s t o c k  
was reduced t o  approximately .47" diameter under t h e s e  c o n d i t i o n s ,  then  
s t r a i g h t e n e d  i n  long-s t roke  d i e s ,  and given a s h o r t  stress r e l i e f  a t  t h e  
swaging tempera ture .  

F i n i s h  swaging t o  0.25" was conducted a t  1900'F f o r  Cr -Y and r e l a t e d  a l l o y s ,  
a t  2050 i- 50'F f o r  t h e  d i l u t e  carb ide-  or bor ide -con ta in ing  a l l o y s ,  and 
wherever-possible a t  2200 + 50'F f o r  t h e  more complex composi t ions .  
s e c t i o n s  of t h e  l a t t e r ,  because of e x t e n s i v e  c r a c k i n g  a t  2250'F, had t o  be  
f i n i s h  swaged a t  somewhat h ighe r  tempera tures  b u t  a l l  a l l o y s  w e r e  worked t o  
f i n a l  dimensions below 2400 F .  

Some 

M i c r o s t r u c t u r e s  of t y p i c a l  compositions i n  t h e  f i n a l  wrought c o n d i t i o n  
are shown i n  F i g u r e  2 .  The Cr-.lOY a l l o y  C I - 1  shows a c o n s i d e r a b l e  amount of 
po lygon iza t ion  and some evidence  of r e c r y s t a l l i z a t i o n  a f t e r  swaging a t  1900'F. 
The h igh -pur i ty  Cr-35Re a l l o y  i n  F igure  2B i s  comple te ly  w a r m  worked, w i th  no 
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I 
a sub-boundzries e v i d e n t  a f t e r  f i n a l  working a t  2200'F. 

A s  w a s  t h e  ca se  i n  t h e  c a s t  c o n d i t i o n ,  t h e r e  is some non-uniformity 
i n  t h e  d i s t r i b u t i o n  of t h e  f i n e r  c a r b i d e s  i n  t h e  as-worked Cr-.05Y-ZTC 
a l l o y  p i c tu red  i n  F i g u r e  2C. I t  should be poin ted  o u t  i n  t h i s  r e s p e c t  
t h a t  one-hour annea l ing  a t  2000' t o  2200'F causes  a d d i t i o n a l  p r e c i p i t a t i o n  
of f i n e  c a r b i d e s  i n  t h e  r eg ions  between t h e  bands of p a r t i c l e s  i n  t h e  swaged 
s t r u c t u r e  such t h a t  a much more uniform d i s p e r s i o n  i s  o b t a i n e d .  The 
Cr-.05Y-HZC a l l o y  CI-21, which i n  t h e  c a s t  c o n d i t i o n  shows on ly  a c o a r s e  
i n t e r g r a n u l a r  c a r b i d e  network, e x h i b i t s  a uniform b u t  r a t h e r  widely spaced 
d i s p e r s i o n  of f i n e r  c a r b i d e s  a f t e r  working a t  2000'F as i n d i c a t e d  i n  F i g u r e  
2D. F u r t h e r  ag ing  a t  2100' - + lOO'F i s  a l s o  e f f e c t i v e  i n  t h i s  a l l o y  i n  
promoting a s t i l l  f i n e r  d i s p e r s i o n  b u t ,  a t  l e a s t  i n  o p t i c a l  microscopy, 
t h e  i n t e r p a r t i c l e  spac ing  appea r s  t o  be t o o  g r e a t  f o r  most e f f e c t i v e  d i s -  
pe r s ion  s t r eng then ing .  
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The f i n e s t  c a r b i d e  d i s p e r s i o n s  i n  t h e  wrought a l l o y s  a r e  observed i n  
s y s t e m s  i n  which t h e  c a r b i d e - s t a b i l i z i n g  element has  a g r e a t e r  s o l u b i l i t y  
i n  C r  than  e i t h e r  Z r  o r  H f .  Examples of such compos i t ions ,  which i c c l u d e  
T i - ,  Cb-, and "a-i-ich r e a c t i v e  metal  a d d i t i o n s ,  are shown i n  F i g u r e s  2E ar_d 2F. 

A summary of t h e  e f f e c t  of p rocess ing  on t h e  microhardness of t h e  Phase 
A a l l o y s  i s  shown i n  Table  4. Note t h a t  i n  t h e  ca rb ide -con ta in ing  Cr-4Mo 
a l l o y s ,  t h e  g r e a t e s t  hardening  from t h e  c a s t  t o  t h e  swaged c o n d i t i o n  o c c u r s  
i n  those  a l l o y s  wi th  t h e  h ighe r  c o n c e n t r a t i o n s  of t h o s e  r e a c t i v e  me ta l s  which 
promote format ion  of f i n e  c a r b i d e s .  A l l  of t h e  a l l o y s  w i t h  major s u b s t i t u -  
t i o n a l  s o l u t e  c o n c e n t r a t i o n s  a t  or below 4 atomic pe rcen t  w e r e  worked t o  
0.25'' diameter wi thout  undue problems. 
some of t h e  more h i g h l y  a l l o y e d  compostions could  n o t  be worked by conven- 
t i o n a l  techniques.  In  g e n e r a l ,  a l l o y s  wi th  c a s t  or ext ruded  hardnesses  above 
about  330 DPH f e l l  i n t o  t h i s  ca t egory .  Such a l l o y s  t h a t  could  n o t  be swaged 
d i r e c t l y  were impact ex t ruded  from 0.75" to 0.375" d iame te r  a t  2450'F p r i o r  
t o  f u r t h e r  swaging a t t e m p t s .  The composi t ions  t h a t  were so worked are d e s i g -  
na t ed  i n  Table 4.  Where a f i n a l  swaging tempera ture  i s  l i s t e d  f o r  t h e  i m -  
p a c t  ex t ruded  a l l o y s ,  two t o  f o u r  mechanical t es t  specimens were s u c c e s s f u l l y  
produced. Those t h a t  could  n o t  be swaged t o  f i n a l  dimensions i n  s p i t e  cf 
t h e  in t e rmed ia t e  p rocess ing  s t e p  have no e n t r y  under swaging tempera ture  i n  
t h e  t a b u l a t i o n .  Swaged ha rdnesses  have n o t  y e t  been measured on most of t h e s e  
impact extruded and swaged a l l o y s ,  Un-strained p o r t i o n s  of t e s t e d  spec imem 
w i l l  be used for t h i s  purpose i n  o r d e r  t o  conserve  t h e  a l r e a d y  h igh ly  l i m i t e d  
m a t e r i a l .  

A s  r e p o r t e d  p r e v i o u s l y  ( 4, , however, 

Response To Heat Treatment 

I 
1 

Swaged s e c t i o n s  of a t  l eas t  one r e p r e s e n t a t i v e  a l l o y  from each of t h e  

The r e s u l t s  
f i v e  g e n e r a l  types  under s tudy  were vacuum annealed f o r  one hour a t  tempera- 
t u r e s  i n  t h e  range 1400' t o  3000'F u s i n g  increments of 200'F. 
of t h e s e  t r ea tmen t s  i n  terms of t h e  microhardness and r e c r y s t a l l i z a t i o n  be- 
h a v i o r  are presented i n  F i g u r e  3. The r e c r y s t a l l i z a t i o n  tempera ture  of t h e  
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Cr-Y a l l o y ,  approximately 1900'F f o r  50% r e c r y s t a l l i z a t i o n  i n  one hour (based 
on me ta l log raph ic  o b s e r v a t i o n s ) ,  is increased  by about 50'F by t h e  a d d i t i o n  
of 4 atomic % Mo and by an a d d i t i o n a l  50' t o  lOO'F by t h e  ( Z r ,  Ti)C d i s p e r s i o n .  
The concen t r a t ed  C r - R e  s o l i d  s o l u t i o n  has  a cons ide rab ly  h ighe r  hardness  and 
t h e  r e c r y s t a l l i z a t i o n  t empera tu re ,  a s  de f ined  h e r e ,  is  about 2300'F. 

Each of t h e  ca rb ide -con ta in ing  a l l o y s  e x h i b i t s  a hardening  peak a t  2000' 
+ 200'F. 
1800'F i n  t h e  Cr-Y-ZTC a l l o y  and i s  inc reased  t o  2000'F by t h e  a d d i t i o n  of 
4Mo. The e f f e c t s  of exposure i n  t h i s  tempera ture  range on t h e  m i c r o s t r u c t u r e  
are  p i c t u r e d  i n  F igu re  4 .  The Cr-Y-4Mo a l l o y  wi th  t h e  (Hf,  Z r ) C  a d d i t i o n  w a s  
s e l e c t e d  f o r  i l l u s t r a t i v e  purposes ,  s ince i ts  as-swaged s t r u c t u r e  is  v i r t u a l l y  
f r e e  of f i n e  p a r t i c l e s  and t h e  p r e c i p i t a t i o n  of c a r b i d e s  upon ag ing  is more 
e v i d e n t .  S t a b i l i t y  of t h e  f i n e  ca rb ide  d i s p e r s i o n  i n  t h i s  p a r t i c u l a r  a l l o y  
i s  r a t h e r  l o w ,  w i t h  almost complete d i s s o l u t i o n  occur ing  i n  one hour a t  2400'F. 
Complex c a r b i d e s  c o n t a i n i n g  T i ,  Cb o r  T a  resist d i s s o l u t i o n  o r  agglomeration 
t o  c o n s i d e r a b l y  h i g h e r  temperatures. 

A s  shown i n  F igu re  3, t h i s  peak o c c u r s  i n  one-hour ag ing  a t  about - 

I n  a d d i t i o n  t o  t h e  hardness  and m i c r o s t r u c t u r a l  r e sponse ,  an e x p l o r a t o r y  
i n v e s t i g a t i o n  of t h e  e f f e c t s  of s e l e c t e d  h e a t  t r e a t m e n t s  on t h e  low-temperature 
t e n s i l e  behavior  of r e p r e s e n t a t i v e  a l l o y s  was a l s o  conducted. T e s t s  were made 
a t  a nominal s t r a i n  r a t e  of .03 per minute u s i n g  a .120" d iameter  specimen 
w i t h  a 0.5'' gage l e n g t h  provided with generous f i l l e t  r a d i i .  P r i o r  t o  t e s t i n g ,  
specimens were e l e c t r o p o l i s h e d  i n  a 10% p e r c h l o r i c  - 90% a c e t i c  ac id  b a t h  main- 
t a i n e d  at o r  below 50'F. In  g e n e r a l ,  an annea l ing  tempera ture  below the  one- 
hour  r e c r y s t a l l i z a t i o n  temperature (1800°F), one a t  o r  near  t h e  ag ing  peak f o r  
ca rb ide -con ta in ing  a l l o y s  (2000'F) , and one above t h e  r e c r y s t a l l i z a t i o n  temper- 
a t u r e  (2400'F) were inc luded  i n  t h i s  p o r t i o n  of t h e  s tudy .  
summarized i n  Table  5. I t  should be noted t h a t  t h e  d u c t i l i t y  of each  of t h e  
d i l u t e  a l l o y s  wi th  c a r b i d e  a d d i t i o n s  is  s u p e r i o r  of t h a t  of t h e  Cr-Y b ina ry .  
The compositions w i t h  ( Z r ,  Ti)C o r  (Hf, Z r ) C  d i s p e r s i o n s  are r a t h e r  d u c t i l e  
a t  room temperature and e x h i b i t  measurable p l a s t i c  f low a t  -50'F i n  bo th  t h e  
wrought and f u l l y  r e c r y s t a l l i z e d  cond i t ions .  T h e i r  s t r e n g t h s  a r e  a l s o  con- 
s i d e r a b l y  h i g h e r  than  t h a t  of C I - 1 .  These s imul taneous  improvements i n  s t r e n g t h  
and d u c t i l i t y  are a r e s u l t  of i n t e r a c t i o n  of t h e  c a r b i d e  p a r t i c l e s  d u r i n g  
working and/or annea l ing  a t  2000' + 200'F wi th  bo th  r e s i d u a l  i n t e r s t i t i a l  
i m p u r i t i e s  ( t h e  monocarbides e x h i b i t  complete s o l u b i l i t y  wi th  cub ic  monoxides 
and n i t r i d e s )  and wi th  t h e  d i s l o c a t i o n  a r ray .  During t h e  coming r e p o r t  p e r i o d ,  
t r a n s m i s s i o n  e l e c t r o n  microscopy and d i f f r a c t i o n  w i l l  be employed t o  b e t t e r  
d e f i n e  t h e s e  i n t e r a c t i o n s  i n  s e l e c t e d  a l l o y s .  

The r e s u l t s  are 

Addi t ion  of 4 atomic percent  Mo raises t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  
tempera ture  (DBTT) by a t  l eas t  200'F. 
s l i g h t l y  more d u c t i l e  than  cor responding  a l loys  w i t h  c a r b i d e s  but  t h e  d i f f e r e n c e ,  
i f  r e a l ,  i s  n o t  g r e a t .  S t r e n g t h s  of t h e  compositions wi th  c a r b i d e  d i s p e r s i o n s  
are a t  l e a s t  10 t o  15% h ighe r  than  t h e i r  carbon-f ree  c o u n t e r p a r t  a t  t h e s e  
t empera tu res ,  and show an even h igher  advantage a t  e l e v a t e d  t empera tu res  a s  w i l l  
b e  shown i n  t h e  f o l l o w i n g  s e c t i o n .  

The Cr-Y-4Mo t e r n a r y  appears  t o  be  
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The b e s t  ba l ance  of s t r e n g t h  and d u c t i l i t y  w a s  g e n e r a l l y  observed a f t e r  
a one-hour anneal a t  2000'F. 
of t h e  rest of t h e  Phase A a l l o y s  f o r  i n i t i a l  s c r e e n i n g  of mechanical pro- 
p e r t i e s .  

T h i s  tempera ture  was se l ec t ed .  f o r  t r e a t m e n t  

T e n s i l e  P r o p e r t i e s  

~ o s t  of t h e  f u r t h e r  s c r e e n i n g  tests conducted t o  d a t e  have been made on 
specimens annealed f o r  one hour a t  2000'F. Low-temperature t e s t i n g  pro- 
cedures  were desc r ibed  p rev ious ly .  E leva ted- tempera ture  tests w e r e  made 
on ground button-head specimens wi th  an o v e r a l l  gage l e n g t h  of 1.1" and a 
d i ame te r  of .160". I n  each tempera ture  r a n g e ,  an I n s t r o n  machine w a s  em-  
ployed a t  a nominal s t r a i n  r a t e  of .03 per minute.  
above w e r e  made i n  vacuum a t  p r e s s u r e s  of t o r r  or below. 

T e s t s  a t  1900'F and 

Ul t imate  t e n s i l e  s t r e n g t 5 s  and r e d u c t i o n  of a r e a  v a l u e s  from r e p r e s e n t a -  
t i v e  a l l o y s  a r e  p l o t t e d  a s  a f u n c t i o n  of tempera ture  i n  F i g u r e s  5 an 6 
r e s p e c t i v e l y .  The Cr-F b i n a r y  has  q u i t e  l o w  s t r e n g t h  over  t h e  e n t i r e  temper- 
a t u r e  range of i n t e r e s t .  Add i t ion  of t h e  ( Z r ,  Ti)C d i s p e r s i o n  r e s u l t s  i n  
an i n c r e a s e  of a t  l e a s t  60% i n  t h e s e  s t r e n g t h s  a t  t h e  h i g h e r  t empera tu res ,  
bu t  t h e  abso lu te  va lues  a r e  s t i l l  r a t h e r  low. A c o n c e n t r a t i o n  of 4 atomic pe r -  
c e n t  Mo doubles t h e  low-temperature s t r e n g t h  of Cr-Y and raises i t s  s t r e n g t h  
by a f a c t o r  of 3 t o  4 a t  1900' t o  2400'F. The increment due t o  t h e  ZTC d i s -  
p e r s i o n  appears t o  be about t h e  same i n  e i t h e r  a Cr-Y or a Cr-Mo-Y base .  
The $A-2 a l l o y  (Cr-35Re) has  c o n s i d e r a b l y  h ighe r  s t r e n g t h  a t  1900'F bu t  a t  
2400 F ,  where t h e  a l l o y  i s  comple te ly  r e c r y s t a l l i z e d  p r i o r  t o  t es t ,  t h e  
s t r e n g t h e n i n g  by t h e  concen t r a t ed  R e  a d d i t i o r  is  n o t  much g r e a t e r  t han  t h a t  
a f fo rded  by 4 atomic pe rcen t  M o .  

Eased on t h e  c r i t e r i o n  of 5% r e d u c t i o n  of area d e f i n i n g  t h e  t r a n s i t i o n  
from b r i t t l e  t o  d u c t i l e  behav io r ,  t h e  DB'i'T of Cr-Y and Cr-Y-ZTC a l l o y  i s  
nea r  or below room tempera ture  and t h a t  of t h e  Cr-4Mo-Y composition about 
300'F. 
a l l o y s  shown i n  F igu re  6, but  t h e  Cr-35Re a l l o y  is  of cour se  expec ted  t o  be 
d u c t i l e  below room tempera ture .  

Low-temperature tests have n o t  y e t  been conducted on t h e  o t h e r  two 

A l l  of t h e  a v a i l a b l e  t e n s i l e  r e s u l t s  a f t e r  one-hour annea l ing  a t  2000'F 
are presented  i n  Table  6. S t r e n g t h  and d u c t i l i t y  d a t a  from t h e  s t r o n g e s t  
a l l o y s  of each type  are compared t o  t h e  C-207 a l l o y  developed by t h i s  l abor -  
a t o r y  "' 3, i n  F igu res  7 and 8. The 1900' and 2400'F s t r e n g t h s  of 81,000 
and 30,100 p s i  measured i n  t h e  Cr-6W-.lY a l l o y  C I - 8  r e p r e s e n t  t h e  h i g h e s t  
s t r e n g t h s  r epor t ed  t o  d a t e  f o r  a chromium base  a l l o y .  These v a l u e s  are n e a r l y  
double  t h e  s t r e n g t h  of (2-207, which i t s e l f  provided a s i g n i f i c a n t  advantage 
ove r  o t h a  chromium a l l o y s  a t  t h e  t i m e  of i t s  development. 

I t  w i l l  be n o t e d ,  where d i r e c t  comparisons are a v a i l a b l e  i n  Table  6, t h a t  
W i s  a cons iderably  more e f f e c t i v e  s t r e n g t h e n e r  than  M o  on  t h e  b a s i s  of atomic 
c o n c e n t r a t i o n ,  However, a s  mentioned i n  an e a r l i e r  s e c t i o n ,  a l l o y s  wi th  8 
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a tomic  pe rcen t  Mo or w i t h  6 t o  8 atomic percent  W and W p lus  Mo a r e  among 
t h o s e  which could n o t  be swaged d i r e c t l y  from t h e  ex t ruded  c o n d i t i o n l a n d  
even t h e  a l l o y  wi th  4 atomic percent W was r a tne i .  d ~ t l ' i c ~ l t  t o  Y,ork. The 
few t e n s i l e  tests r e p o r t e d  i n  Table 6 r e p r e s e n t  til: on ly  u s e f u l  bar s t o c k  
which w a s  ob ta ined  from such a l l o y s ,  $lid most of i t  was worked o n l y  by 
impact e x t r u s i o n  p r i o r  t o  f i n a l  swaging. i t  i s  c l e a r  t h a t  s o l u t e  concen- 
t r a t i o n s  above 4% W or 6% Mo a r e  q u i t e  e f f e c t i v e  wi th  r e s p e c t  t o  s t r e n g t h ,  
b u t  t h e i r  adverse  e f f e c t  on workab i l i t y  may l i m i t  t h e i r  pract ical  a p p l i c a -  
t i o n .  S i n c e  W i s  more f a v o r a b l e  i n  i t s  s t r e n g t h  c h a r a c t e r i s t i c s  and Mo i n  
i t s  w o r k a b i l i t y  b e h a v i o r ,  cons ide ra t ion  w i l l  be given t o  s imul taneous  addi -  
t i o n s  of t h e s e  two s o l u t e s  t o  ca rb ide -con ta in ing  a l l o y s  a t  t h e  combined 
l e v e l  of 4 t o  6 atomic pe rcen t  i n  the ex tens ion  of t h e  work i n t o  l a t e r  phases 
of Task I .  

The ca rb ide -con ta in ing  Cr-4Mo-Y a l l o y s  a l l  e x h i b i t  e l eva ted - t empera tu re  
s t r e n g t h  i n c r e a s e s  over  t h e  base  composition. Th i s  advantage i s  l e a s t  i n  
t h e  ZTC a l l o y  a t  t h e  n ighe r  Y concen t r a t ion  (CI-30)) wnicn p a r a l l e l s  e a r l i e r  
o b s e r v a t i o n s  t n a t  Y na a wcalieliing e f f e c t  i n  a l l o y s  wi th  d i s p e r s e d  c a r b i d e s  
a t  n i g h e r  temperatui*cs 
r i c h  i n  T a l  Cb, and T i  a r e  exptec ted  t o  be even s t r o n g e r  because of t h e i r  f i n e r  
c a r b i d e  d i s p e r s i o n s ,  t h e  h i g h e s t  s t r e n g t h s  observed t o  d a t e  i n  t h e  Cr-4Mo base  
a r e  t h o s e  i n  t h e  low-Y ZTC a l l o y  CI-29 and i n  t n e  HZC a l l o y  CI-37. A s  shown 
i n  F i g u r e s  7 and 8 ,  t h e  s t r e n g t h  of t h e  l a t t e r  composition is h i g h e r  t han  
t h a t  of C-207 by 30% or  more, t h e  DBTT i s  about t h e  same (350' t o  400'F) and 
t h e  d u c t i l i t y  a t  h ighe r  temperatures i s  cons ide rab ly  g r e a t e r .  

' I '  ) . Although subsequent a l l o y s  c o n t a i n i n g  c a r b i d e s  

I t  is  worthy of n o t e  i n  F igu re  8 t h a t  t h e  d u c t i l i t y  of t h e  d i l u t e  Cr-Y-HZC 
a l l o y  CI-21 is q u i t e  good a t  low tempera tures .  A l loys  wi th  b o r i d e  d i s p e r s i o n s  
a l s o  have r a t h e r  a t t r a c t i v e  p r o p e r t i e s .  S u b s t i t u t i o n  of boron f o r  t h e  carbon 
i n  o t h e r w i s e  i d e n t i c a l  compositions ((21-22 and Ci-23) r e s u l t s  i n  some i n c r e a s e  
i n  s t r e n g t h  accompanied by what appea r s  t o  be a r e l a t i v e l y  minor l o s s  of 
d u c t i l i t y ,  as shown i n  Table  6. More complex bo r ide  a l l o y s  w i l l  be inc luded  
i n  l a t e r  phases of t h e  s tudy .  

T e n s i l e  tests of t h e  remainder of t h e  Phase A a l l o y s  a r e  c u r r e n t l y  be ing  
In a d d i t i o n  t o  completing e v a l u a t i o n  a f t e r  t h e  2000'F t r e a t m e n t )  conducted. 

specimens from each a l l o y  ( excep t  t hose  wi th  l i m i t e d  s u p p l i e s  of b a r  s t o c k )  
are be ing  t e s t e d  i n  t h e  f u l l y  r e c r y s t a l l i z e d  c o n d i t i o n  a f t e r  annea l ing  f o r  
one hour a t  2400'F. 

A i r  Oxidation Behavior 

Oxida t ion  tests i n  a i r  a t  1500°, 2100' and 2400'F n a v e  been or a r e  be ing  
made on a l l  of t h e  Phase A a l l o y s .  Ana lys i s  of t h e s e  d a t a ,  which i n c l u d e s  
microscopic  examination and measuremect of t h e  e x t e n t  of sub-surf ace  narden- 
i n g ,  is no t  s u f f i c i e n t l y  complete a t  t h i s  w r i t i n g  t o  j u s t i f y  t a b u l a t i o n .  S e v e r a l  
impor t an t  t r e n d s ,  however, n a v e  become appa ren t .  Ca rb ide -con ta in ing  Cr-Y or 
Cr-Mo-Y a l l o y s  which have on ly  Z r  and/or Hf a s  t h e  c a r b i d e  s t a b i l i z i n g  a d d i t i o n  
do n o t  form sub-sur face  n i t r i d e  l a y e r s  and are n o t  i n t e r n a l l y  hardened i n  100 
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hours  a t  e i t h e r  1500' or 2100'F and a r e  much more r e s i s t a n t  t o  n i t r i d a t i o n  
a t  2400'F than s imilar  a l l o y s  c o n t a i n i n g  Cb, Ta or T i .  
t h a t  t h e  binary Cr-35Re a l l o y  i s  r e s i s t an t  t o  n i t r i d a t i o n  a t  each t empera tu re  
even i n  t h e  absence of Y ,  a l though t h e r e  i s  ev idence  of fo rma t ion  of a v o l -  
a t i l e  oxide  on t h i s  composition. The d i l u t e  Cr-Y-Th-Hf a l l o y  C I - 3  is  h i g h l y  
r e s i s t a n t  t o  both o x i d a t i o n  and n i t r i d a t i o n  a t  1500' t o  2400°F, a s  demon- 
s t r a t e d  i n  an earlier s t u d y  ( 8 ) .  These and r e l a t e d  f a c t o r s  have been ex- 
p lored  i n  some d e t a i l  i n  s e v e r a l  systems of Phase B and w i l l  be inc luded  i n  
t h e  d e s i g n  of a l l o y s  f o r  fo l lowing  p o r t i o n s  of t h e  s t u d y .  

I 
1 
I 

I t  a l s o  appea r s  

EXPERIMENTAL RESULTS - PHASE B 

1 
I 
I 

Data from a r a t h e r  l a r g e  number of arc-melted b u t t o n s  from s e v e r a l  a l l o y  
s y s t e m s  have been genera ted  i n  t h i s  p o r t i o n  of t h e  program. The u l t i m a t e  
goa l  is t o  s e l e c t  t h e  most promising of t h e  approaches surveyed h e r e  f o r  
i n c o r p o r a t i o n  i n  l a r g e r  h e a t s  t o  be prepared i n  subsequent phases of t h e  
s tudy .  
summarized again h e r e  f o r  convenience t o  t h e  r e a d e r .  A l l  t h e  a l l o y s  i n  
Phase B were a r c  melted as 50 t o  100 gram h e a t s  u s i n g  tungs t en  e l e c t r o d e s ,  
water cooled copper b u t t o n  or drop-cas t ing  molds, and a helium-argon atmos- 
phere g e t t e r e d  p r i o r  t o  p r e p a r a t i o n  of t h e  b u t t o n s  by m e l t i n g  a t i t a n i u m  
charge .  Except where n o t e d ,  t h e  a l l o y s  w e r e  melted a minimum of t h r e e  t i m e s  
t o  promote homogeneity. 

Some of t h e  r e s u l t s  t h a t  have been p resen ted  p r e v i o u s l y  ( 4 )  w i l l  be 

Cr-W-V Al loys  

Tungsten is  one of t h e  most e f f e c t i v e  s o l i d - s o l u t i o n  s t r e n g t h e n i n g  
a d d i t i o n s  f o r  chromium b u t ,  as a r e s u l t  of t h e  m i s c i b i l i t y  gap i n  t h e  Cr-W 
s y s t e m  ( 6 ) ,  t h e  s o l u b i l i t y  of  W i n  C r  i s  only  about 5 a tomic  pe rcen t .  
P r i o r  work i n d i c a t e s  t h a t  vanadium e x e r t s  on ly  a mild s t r e n g t h e n i n g  e f f e c t ,  
bu t  t h a t  i t  i n c r e a s e s  t h e  s o l u b i l i t y  of W i n  t e r n a s y  a l l o y s  ('I. 
a b l e  d a t a  were t o o  l i m i t e d  t o  e s t a b l i s h  t h e  s o l v u s  w i t h  any degree  of accu racy ,  
a series of a l l o y s  w i t h  5, 7.5 and 10 atomic pe rcen t  W was prepared wi th  V 
a d d i t i o n s  ranging from 0 t o  20%. The a l l o y s  were arc melted from i o d i d e  C r  
c r y s t a l s  and drop-cas t  as 0.5'' diameter  c y l i n d e r s .  All a l l o y s  were s i n g l e  
phase as-cast and a f t e r  2-hour annea l ing  a t  both 2500' and 2900'F. The h i g h e r  
tempera ture  was necessa ry  f o r  complete homogenization because traces of c o r i n g  
w e r e  p r e s e n t  a f t e r  2 hours a t  2500'F. Homogenized specimens were subsequent ly  
aged 230 hours a t  1650'F and 24 hours  and 200 hours a t  1800'F. 
t i m e  a t  1800'F w a s  n e c e s s a r y  t o  cause  uniform p r e c i p i t a t i o n  i n  t h e  two-phase 
a l l o y s .  

I 
1 
I 
1 

Since  a v a i l -  

The longe r  

I 
1 

Cr-W-V a l l o y  compositions and me ta l log raph ic  o b s e r v a t i o n s  are g iven  i n  
Tab le  7. I n  the  b ina ry  a l l o y s ,  a s h a r p  i n c r e a s e  i n  hardness  between 7.5 
and 10% W w a s  accompanied by i r r e g u l a r  p r e c i p i t a t i o n  of what is  presumably 
a W-rich s o l i d  s o l u t i o n .  I n  t h e  t e r n a r y  a l l o y s  t h e  p r e c i p i t a t i o n  was gene ra l  
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and r e l a t i v e l y  uniform a s  ind ica t ed  i n  F igure  9. I t  i s  d i f f i c u l t  t o  
de te rmine  whether t h e  amount of p r e c i p i t a t e  is i n c r e a s e d  w i t h  i n c r e a s e d  
V c o n c e n t r a t i o n ,  The p r e c i p i t a t e  p a r t i c l e s  a r e  a p p a r e n t l y  very  sma l l  
and t h e  d i f f e r e n c e  i n  apparent  p r e c i p i t a t e  d e n s i t y  may be  caused i n  p a r t  
by t h e  r e l a t i v e  r a t e s  of e t c h i n g  of g r a i n s  of d i f f e r i n g  o r i e n t a t i o n s .  I n  
g e n e r a l ,  however, t h e r e  appears  t o  be an i n c r e a s e  i n  degree  of p r e c i p i t a t i o n  
a s  t h e  V c o n c e n t r a t i o n  is increased .  

I n  the  more d i l u t e  t e r n a r y  a l l o y s  a s l i g h t  s o f t e n i n g  occurred  upon 
f i r s t  appearance of t h e  p r e c i p i t a t e ,  w h i l e  i n  t he  more concen t r a t ed  a l l o y s  
hardening  was observed. Location of the a l l o y s  i n  r e l a t i o n  t o  the  proposed 
t e r n a r y  Cr-WTV e q u i l i b r i u m  diagram") is shown i n  F igu re  10. The p r e s e n t  
r e s u l t s  s t r o n g l y  i n d i c a t e  t h a t  V does no t  i n c r e a s e  t h e  s o l u b i l i t y  of W i n  
C r  a t  low tempera tures .  I t  is not c l e a r ,  however, whether a m i s c i b i l i t y  
gap  a l s o  e x i s t s  i n  the  Cr-V b ina ry  sys t em or whether V simply i n c r e a s e s  the 
r a t e  of p r e c i p i t a t i o n  of W from t h e  C r  s o l i d  s o l u t i o n ,  The hardness  da t a  
s u p p o r t  t h e  former sugges t ion ,  i . e . ,  a m i s c i b i l i t y  gap exis ts  i n  t h e  Cr-V 
b i n a r y  system. P r e c i p i t a t i o n  of a V-rich phase would n o t  be expec ted  t o  
r e s u l t  i n  t h e  l a r g e  hardness  inc rease  t h a t  h a s  been no ted  i n  t he  Cr-W 
b i n a r y  a l l o y s  when the W-rich s o l u t i o n  p r e c i p i t a t e s ,  

The un i fo rmi ty  and t h e  apparent sma l l  s ize  of the  p r e c i p i t a t e  i n  t h e  
V-rich a l l o y s  may provide  a s i g n i f i c a n t  e f f e c t  on t h e  s t r e n g t h  and/or 
d u c t i l i t y .  A l a r g e  h e a t  of a t e rna ry  Cr-W-V a l l o y  has  been planned f o r  
Phase C of t h i s  s tudy  t o  more f u l l y  e v a l u a t e  the  e f f e c t s  of h e a t  t r ea tmen t  
on t h e  mechanical p r o p e r t i e s .  

Co Addi t ions  To C r - R e  And Cr-Ru Al loys  

and 20 atomic p r c e n t  ( 10 ) 
7 4 . 1 2 )  

Concen t r a t ions  of about 35 atomic pe rcen t  R e  
Ru'") r e s u l t  i n  h i g h l y  d u c t i l e  C r  a l l o y s .  
a d d i t i o n s  of 25 t o  30 Co r e s u l t  i n  s i m i l a r  improvements i n  d u c t i l i t y  
when t h e  a l l o y s  a r e  s u p e r s a t u r a t e d  by c h i l l - c a s t i n g  or by quenching from an 
annea l ing  tempera ture  above 2500'F. The s o l u b i l i t y  of Co i n  C r  d rops  r a p i d l y  
w i t h  d e c r e a s i n g  t empera tu re ,  however, s o  t h a t  the  a l l o y s  a r e  e m b r i t t l e d  by 
sigma-phase format ion  dur ing  aging i n  t h e  tempera ture  range of 1500" t o  2000°F. 

A s  p r e v i o u s l y  po in ted  o u t  , 

The approach adopted i n  t h e  p r e s e n t  series was t o  add C o  t o  C r - R e  and 
Cr-Ru a l l o y s  i n  an a t t empt  t o  decrease  t h e  amounts of R e  o r  Ru r e q u i r e d  f o r  
s i g n i f i c a n t  d u c t i l i t y  improvements. 
s u b s t i t u t e d  f o r  r e l a t i v e l y  l a r g e  p o r t i o n s  of t h e  R e  and Ru r e q u i r e d  t o  
promote c o l d  w o r k a b i l i t y  i n  c a s t  C r  a l l o y s .  Thermal s t a b i l i t y  is impaired 
by such  s u b s t i t u t i o n ,  however, p a r t i c u l a r l y  a t  t h e  h igh  Co l e v e l s .  

A s  p r e v i o u s l y  r e p ~ r t e d ' ~  ) , Co can be 

In  o r d e r  t o  f u r t h e r  d e f i n e  the  C r  s o l i d  s o l u t i o n  r e g i o n  i n  t h e  Cr-Re-Co 
t e r n a r y  system, an a d d i t i o n a l  series of a l l o y s  l o c a t e d  n e a r  t he  t e n t a t i v e  
1650°F phase boundary was prepared, Alloy compositions and me ta l log raph ic  
d a t a  a r e  p re sen ted  i n  Table  8. One of t h e  a l l o y s  (30 Re-5.7 Co) con ta ined  a 
p r e c i p i t a t e  a f t e r  2-hour homogenization a t  2750"F, b u t  the  remaining a l l o y s  
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A l l o y s  l i s ted i n  Table  8 were forgod a t  2200'F b u t  m o s t , p a r t i c u l a r l y  those 
h i g h  i n  Co, f r a c t u r e d  badly d u r i n g  f o r g i n g .  Attempts t o  c u t  bend tes t  specimens 
from t h e  forged a l l o y s  were not s u c c e s s f u l  because of t h e i r  b r i t t l e n e s s  ex-  
c e p t  i n  t h e  case o f  t h e  Cr-2.5Co-25.6Re a l l o y .  The l a t t e r  composi t ion e x n i b i t e d  
d u c t i l i t y  a t  room tempera ture  (approximately 20° bend of a .050" t h i c k  specimen 
a t  a bend rad ius  of .060" b c f o r e  f r a c t u r c ) .  The r e s u l t s  i n d i c a t e  t n n t  t h e  
s u b s t i t u t i o n  of Co f o r  R e  i n  C r  a l l o y s  is  n o t  p r n c t i c n l  bcc:iiiric. of t n c  i n -  
s t a b i l i t y  of t h e  a l l o y s  a t  i n t e r m e d i a t e  tempertitiwcs (- lij50'F) 
a l l o y s  loca ted  n e a r  t ho  s o l v u s  l i n e ,  whilc  s t a b l o ,  Ltrc v r r y  b r i t t l c .  No 
f u r t h e r  work w i l l  bo performod on t h e  t e r n a r y  Cr-Co-Re o r  Cr-Co-Ru a l l o y s .  

C o - r l c t i  

Cr-Y A l l o y s  With D i l u t e  H e ,  Ru And C o  Addi t ions  - - 
Aside from t h e  improvcnitint of d u c t i l i t y  i n  c o n c e n t r a t e d  s o l u t i o n s ,  R c  

has  been shown i n  p r i o r  work to nave i\ b e n e f i c i a l  e f f e c t  on a i r  o x i d a t i o n  
behavior  of inucn morc c i i l u i c ~  C r  a l l o y s  c o n t a i n i n g  Y ( ' '  e ) .  
are annlogoii:; t o  Rc I n  otlicsr i w s p e c t s ,  t n c  o x i d n t j o n - n i t r i d a t i o n  rc'sistancc 
of a serics o r  C Y - Y  i i l l o y s  witn r c l u t i v e l y  s m a l l  add1Lions of t n c u c  t n r c w  
e lements  W ~ H  e v a l u a t e d .  'l'nc a l l o y s  were prepnrcd  f roni hydr.o~:en-rc.tlirccd C Y  
f l a k e  and p u r i f i e d  Re, Ru, and C o .  The C r  was a l l o y c d  f i r s t  w i t n  t n e  Rc, Ru, 
o r  Co t o  insu re  homogeneity. These b u t t o n s  were crushed  t o  provide a master 
a l l o y  t o  which t h e  Y was added, The a l l o y s  were f i r s t  melted as b u t t o n s  and 
d r o p  cast  i n t o  0 . 5 "  diameter  c y l i n d e r s .  Disks approximately 0.1" t h i c k  wcrc' 
c u t ,  ground through 600 g r i t  p a p e r ,  c l e a n e d ,  and exposed t o  a i r  a t  1500°F- 
100 tiours, '2100'E' - 100 hoiirs, and 2400'F f o r  24 h o u r s .  
in d e t a i l  i n  an c a r l i c r  r c p o r t  ( ') , t h e  combination of Y and R e  r e s u l t s  i n  
impi'ovcd o x i d i ~ t i o n - n i t r i d a t i o n  behavior .  The Cr-Re-Y a l loys  e x h i b i t e d  b e t t e r  
oxide adherence and much less n i t r i d a t i o n  t h a n  s i m i l a r  composi t ions w i t h  eit1ic.r. 
Ru or C o .  Only Re-containing a l loys  a r e  inc luded  in t h e  e x t e n s i o n  of t h i s  
work i n t o  Phnses C and D. 

S i n c e  R U  and Co 

In  gencral  , ns rcpot*t,x! 

Cr-Y A l l o y s  With Group I V  A And V A Carbides  

In  o r d c r  1.0 providc t h o  b c u t  possible combination of s t r e n g t h ,  d u c t i l i t y ,  
and resistance t o  cmbrit t lornent d u r i n g  a i r  o x i d a t i o n  i n  t h e  d e s i g n  of d i s -  
persion-strengthened a l l o y s  i n  succeeding pjlases of t h e  w o r k ,  a c r i t i c a l  
survey  of t h e  i n t e r a c t i o n s  botween cnrbidc-.Porining elcments  and n i t r i d a t i o n -  
i n h i b i t i n g  a d d i t i o n s  is b e i n g  madc i n  Phase B .  R e s u l t s  from t h e  f i r s t  por- 
t i o n  of t h a t  survey are presented  in t h i s  s e c t i o n .  Each of t h e  Group IV A 
and Group V A metals were added a t  l eve ls  of 0.5 and 1.0 atomic percent  t o  
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base  compositions of C r ,  C r - Y ,  and Cr-Y-C. The a l l o y s  were a r c  melted as 
60-gram b u t t o n s ,  shea thed  i n  mild s teel  and drop-forged a t  2200'F t o  a 60% 
r e d u c t i o n  i n  th i ckness .  The a l l o y s  wi th  r e a c t i v e  metal a d d i t i o n s  of 1 .0  
a tomic  percent  were r o l l e d  t o  .070 + .010" s t r i p  a t  2100' - 1900°F, u s ing  
i n i t i a l  r educ t ions  of 20% per  pass  at t h e  h i g h e r  tempera ture  and f i n i s h i n g  
w i t h  10% reduc t ions  a t  1900'F. 

T e s t  r e s u l t s  from t h i s  series have been r e p o r t e d  p rev ious ly  ( 4 ) ,  but  

Data from 2100'F 
s i n c e  they  have a d i r e c t  bea r ing  on subsequent s e c t i o n s  of t h i s  r e p o r t ,  
t h e y  a r e  summarized he re  f o r  t h e  reader  I s  convenience.  
o x i d a t i o n  tests of t h e  e n t i r e  s e r i e s  are shown i n  Table  9 and mechanical 
p r o p e r t i e s  of r e p r e s e n t a t i v e  a l l o y s  are summarized i n  Table  10. Rather  
marked d i f f e r e n c e s  i n  both  o x i d a t i o n  and mechanical behavior  are observed 
between those  a l l o y s  c o n t a i n i n g  a d d i t i o n s  of Group I V  A meta ls  ( T i ,  Z r  and 
Hf) and those  wi th  s o l u t e s  from Group V A (V, Cb and T a l .  Each of t h e  
e lements  i n  b i n a r y  a l l o y s  wi th  C r  a t  t h e  l e v e l  of 0.5 atomic percent  r e s u l t s  
i n  an i n c r e a s e  i n  t h e  o x i d a t i o n  rate over  t h a t  of t h e  unalloyed metal a t  
2100'F. However, small a d d i t i o n s  of Y t o  t h e  a l l o y s  wi th  Group I V  A s o l u t e s  
a r e  v e r y  e f f e c t i v e  i n  reducing  o x i d a t i o n ,  whereas Y i s  r e l a t i v e l y  i n e f f e c t i v e  
when added t o  b i n a r y  a l l o y s  wi th  V ,  Cb, o r  Ta. The same t r e n d s  are observed 
i n  s imilar  a l l o y s  wi th  C. Even without Y ,  t h e  a l l o y s  wi th  Z r C  and HfC ex- 
h i b i t  weight-gain v a l u e s  cons iderably  below those  wi th  t h e  o t h e r  f o u r  c a r b i d e s .  
Add i t ions  of Y ,  i n  g e n e r a l ,  r e s u l t  i n  lower o x i d a t i o n  r a t e s  i n  t h o s e  compositions 
which c o n t a i n  c a r b i d e s  based on t h e  Group I V  A metals, bu t  have l i t t l e  e f f e c t  
on  a l l o y s  wi th  Group V A c a r b i d e s .  The a l l o y s  wi th  VC a r e  an excep t ion  t o  
t h i s  t r e n d ,  i n  t h a t  q u i t e  low weight ga in  v a l u e s  are obta ined  i n  t h e  presence  
of Y ,  p a r t i c u l a r l y  a t  t h e  h ighe r  nominal c o n c e n t r a t i o n  of 0.2 atomic pe rcen t .  
I t  should a l s o  be noted t h a t  t h e  a l l o y s  wi th  c a r b i d e s  based on Group I V  A 
metals have somewhat lower rates of o x i d a t i o n  a t  t h e  h ighe r  metal-to-carbon 
r a t i o ,  wh i l e  t h e  r e v e r s e  appears  t o  be t h e  case f o r  t hose  wi th  c a r b i d e s  of V ,  
Cb, and Ta. 

D i f f e rences  i n  low-temperature mechanical p r o p e r t i e s  and i n  t h e  e f f e c t s  
of o x i d a t i o n  on d u c t i l i t y ,  which are summarized i n  Table  1 0 ,  are a l s o  pro- 
nounced. Al loys  wi th  T i c ,  CbC and TaC have cons ide rab ly  h i g h e r  s t r e n g t h s  
and somewhat h ighe r  DBTT v a l u e s  i n  t h e  r o l l e d  and annealed c o n d i t i o n .  A i r  
exposure a t  1500' and 2100'F r e s u l t s  i n  a s h a r p  dec rease  i n  d u c t i l i t y ,  par -  
t i c u l a r l y  i n  t h e  case of t h e  CbC and TaC a l l o y s ,  The compositions which 
c o n t a i n  Z r C ,  HfC and VC a r e  d u c t i l e  nea r  o r  below room tempera ture  and t h e  
former  two types  e x h i b i t  much b e t t e r  r e t e n t i o n  of d u c t i l i t y  a f t e r  a i r  oxida- 
t i o n .  
w i th  Z r  o r  Hf ,  compared t o  g r e a t e r  than  800'F i n  similar compositions con- 
t a i n i n g  Cb o r  Ta. 

DBTT va lues  of 200' t o  400'F were measured i n  oxid ized  Cr-Y-C a l l o y s  

Some of t h e  f a c t o r s  which are involved i n  t h e  d i f f e r e n c e s  i n  both  mechan- 
i c a l  and o x i d a t i o n  behavior  can b e  i l l u s t r a t e d  by t h e  photomicrographs i n  
F i g u r e  13. Carb ides  i n  t h e  a l l o y s  wi th  Z r ,  which are t y p i c a l  i n  t h i s  r e s p e c t  
of t h o s e  wi th  Hf,  are r a t h e r  coa r se  and widely spaced. T h i s  morphology re- 
s u l t s  from t h e  r e s t r i c t e d  s o l u b i l i t y  of  Z r  and Hf i n  C r  ( 5 ) .  Carbides  are 
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formed as g r a i n  boundary networks d u r i n g  s o l i d i f i c a t i o n .  These i n t e r g r a n u l a r  
c a r b i d e s  are fragmented d u r i n g  p r o c e s s i n g ,  bu t  are n o t  a p p r e c i a b l y  a l t e r e d  
by h e a t  t r ea tmen t .  
on  e i t h e r  s t r e n g t h  or d u c t i l i t y  i n  t h e  r o l l e d  and annea led  c o n d i t i o n .  The 
p a r t i c l e s  are a l s o  t o o  widely spaced t o  i n f l u e n c e  r e a c t i o n  d u r i n g  a i r  exposure .  
Note i n  F igu re  1 3 A  t h a t  on ly  t h o s e  f e w  P a r i i c l e s  which i n t e r s e c t  t h e  s u r f a c e  
appear  t o  be a f f e c t e d  by o x i d a t i o n  a t  1500 F. A t  t h e  h i g h e r  o x i d a t i o n  temper- 
a t u r e ,  t h e  l a r g e  c a r b i d e s  act  as s i n k s  f o r  t h e  gaseous contaminants  as shown 
i n  F igu re  13B,  and no s u r f a c e  or i n t e r g r a n u l a r  n i t r i d e s  a r e  formed. 

Such a c o a r s e  d i s t r i b u t i o n  does n o t  have a l a r g e  e f f e c t  

Ca rb ides  i n  t h e  a l l o y s  wi th  Cb or Ta a d d i t i o n s  are p r e s e n t  i n  t h e  form 
of f i n e ,  uniform d i s p e r s i o n s  which a r e  much more e f f e c t i v e  i n  i n c r e a s i n g  
t h e  s t r e n g t h  and r e s u l t  i n  somewhat lower d u c t i l i t y  i n  t h e  r o l l e d  and annealed 
c o n d i t i o n .  The f u r t h e r  l o s s e s  i n  d u c t i l i t y  d u r i n g  In t e rmed ia t e - t empera tu re  
a i r  exposure a r e  probably r e l a t e d  t o  a d d i t i o n a l  p r e c i p i t a t i o n  of i n t e r s t i t i a l s ,  
b o t h  from t h e  m a t r i x  and from inward d i f f u s i o n  of oxygen or n i t r o g e n ,  and a 
r e s u l t a n t  i n t e r a c t i o n  w i t h  t h e  d i s l o c a t i o t  a r r a y .  Although e s s e n t i a l l y  no 
s u b s u r f a c e  hardening  was observed a t  1500 F i n  t h e  Cr-Y a l l o y s  w i t h  Z r C  or 
HfC a d d i t i o n s ,  t h o s e  c o n t a i n i n g  Cb or T a  were hardened by 25-50 DPH t o  d e p t h s  
of 4 t o  6 m i l s .  Oxida t ion  a t  t h e  h i g h e r  t empera tu re  r e s u l t s  i n  a c c e l e r a t e d  
r e a c t i o n  of a l l o y s  w i t h  CbC or TaC d i s p e r s i o n s .  The p a r t i c l e s  a r e  c l o s e l y  
enough spaced t h a t  t h e y  p resen t  a semi-contknuous o x i d a t i o n  f r o n t .  They a r e  
r a p i d l y  s a t u r a t e d  by t h e  gaseous contaminants ,  and both  s u r f a c e  and i n t e r -  
g r a n u l a r  n i t r i d e s  are formed as i l l u s t r a t e d  i n  F i g u r e  1 3 D .  Even i n  t h e  absence 
of  C ,  a d d i t i o n s  of Cb and Ta appear  t o  a t  l eas t  p a r t i a l l y  nega te  t h e  b e n e f i c i a l  
e f f e c t s  of Y on oxida t%on behav io r ,  as i n d i c a t e d  by t h e  weight g a i n  d a t a  i n  
Tab le  9. A s  noted p r e v i o u s l y ,  t h i s  is  n o t  t h e  case wi th  s o l u t e s  from Group 
IV A. 

A l loys  with VC appear t o  have t h e  poor f e a t u r e s  of each type  d i s c u s s e d  
above, wi thout  t h e  a t t r a c t i v e  p r o p e r t i e s  of e i t h e r .  A r e l a t i v e l y  f i n e  d i s -  
p e r s i o n  i s  formed d u r i n g  c o o l i n g  from h igh  t e m p e r a t u r e s ,  b u t  t h e  thermal  
s t a b i l i t y  i s  q u i t e  low. Rapid agglomera t ion  occur s  upon h e a t  t r ea tmen t  a t  
t empera tu res  a s  low as 2000'F. 
i s  good, t h e i r  s t r e n g t h s  are n o t  g r e a t l y  d i f f e r e n t  t han  t h o s e  of a Cr-Y 
b i n a r y  and they are s e v e r e l y  e m b r i t t l e d  by o x i d a t i o n  a t  2100'F. 
of t h e  a l l o y s  wi th  T i c  are similar t o  those  wi th  CbC i n  t h a t  a f i n e  d i s p e r s i o n  
i s  formed. Embrit t lement due t o  o x i d a t i o n  is  n o t  as g r e a t ,  however, s i n c e  T i  
a d d i t i o n s ,  u n l i k e  t h o s e  of Group V A s o l u t e s ,  d o  n o t  i n t e r f e r e  w i t h  t h e  e f f e c t s  
of Y.  

Although t h e  d u c t i l i t y  of t h e  a l l o y s  wi th  V 

S t r u c t u r e s  

Based on t h i s  s u r v e y ,  t h e  cho ice  of a combination of %r and T i  as t h e  
I t  s t anda rd"  c a r b i d e - s t a b i l i z i n g  a d d i t i o n  i n  t h e  i n i t i a l  phases of Task I appears  
t o  be j u s t i f i e d .  S u p e r i o r  s t r e n g t h s ,  however, can be a t t a i n e d  w i t h  Cb-rich 
or Ta- r i ch  c a r b i d e s  I t  is p o s s i b l e  t h a t  embr i t t l emen t  of such  a l l o y s  can be 
minimized by t h e  i d e n t i f i c a t i o n  of an element which provides  more e f f e c t i v e  
resistance t o  o x i d a t i o n  and n i t r i d a t i o n  t h a n  does  Y. R e s u l t s  of a s t u d y  of 
t h i s  f a c t o r  a r e  presented  i n  a f o l l o w i n g  s e c t i o n .  
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I n t e r m e t a l l i c  D i spe r s ion  Systems 

Two b ina ry  s y s t e m s  and one t e r n a r y  were surveyed t o  e s t a b l i s h  t h e  
e f f i c a c y  of i n t e r m e t a l l i c  compounds a s  d i s p e r s i o n  s t r e n g t h e n e r s  and t o  
measure t h e  o x i d a t i o n - n i t r i d a t i o n  r e s i s t a n c e  of t h e  r e s u l t a n t  a l l o y s .  The 
Cr-Cb, t h e  Cr-Si,  and t h e t e r n a r y  Cr-Cb-Si s y s t e m s  were s e l e c t e d  f o r  t h e s e  
purposes.  I n  a n  e f f o r t  t o  improve o x i d a t i o n  r e s i s t a n c e ,  a C r - 0 . 1  Y b a s e  
was used i n  most of t h e  a l l o y s .  The e lements  were f i r s t  added s e p a r a t e l y  
i n  a r c  melted b u t t o n s  i n  s u f f i c i e n t  amounts t o  produce CbCr, and Cr3Si.  
E a r l i e r  work by Goldschmidt and Brand (13) had i n d i c a t e d  t h a t  a d d i t i o n  of 
t h e  two e lements  i n  combination led  t o  p r e c i p i t a t i o n  of Cbo.6Cro,4Si 
a l though  t h e  phase boundar ies  were n o t  w e l l  e s t a b l i s h e d .  

A summary of t h e  obse rva t iocs  made on t h e s e  a l l o y s  i s  p resen ted  i n  
Table  11 and t y p i c a l  mic ros t ruc tu res  a r e  shown i n  F igu re  14.  Reasonably 
f i n e  and uniform d i s p e r s i o n s  were achieved  i n  a l l o y s  w i t h  Cb l e v e l s  of 
3 atomic pe rcen t  and above and t h e  p r e c i p i t a t e  appeared t o  be s t a b l e  
thrcaugh 2200°F. However, when the Cb c u n c e n t r a t i o n  i s  h igh  enough t o  
produce CbCrz, t h e  a i r  o x i d a t i o n  behavior  is p a r t i c u l a r l y  poor a s  shown i n  
F i g u r e  14B. The Cr-Si b u t t o n s ,  although e x h i b i t i n g  cons ide rab ly  b e t t e r  
o x i d a t i o n  behav io r ,  were q u i t e  b r i t t l e  and f r a c t u r e d  r a t h e r  badly  d u r i n g  
f o r g i n g  i n  s p i t e  of  t h e i r  r e l a t i v e l y  low hardnesses .  The w o r k a b i l i t y  of  
t e r n a r y  Cr-Cb-Si a l l o y s  proved t o  be somewhat improved o v e r  those  of t h e  
Cr-Si s y s t e m ,  bu t  o x i d a t i o n  and n i t r i d a t i o n  r a t e s  a r e  s t i l l  unacceptab ly  
h igh  a s  shown i n  Table  11 and i l l u s t r a t e d  i n  F igu re  14F. Unless a l t e r n a t e  
n i t r i d a t i o n  i n h i b i t o r s  w i t h  cons iderably  g r e a t e r  e f f e c t i v e n e s s  than  t h a t  
of Y can be i d e n t i f i e d ,  no f u r t h e r  work on t h e s e  s y s t e m s  is recommended. 

AI-ternate N i t r i d a t i o n  I n h i b i t o r s  

A s  r e p o r t e d  p r e v i o u ~ l y ' ~ )  , La,  Pr, and p o s s i b l y  mischmetal (50% Ce+ 
50% La, P r ,  Nd) were found t o  be Ir.0P-e e f f e c t i v e  n i t r i d a t i o n  i n h i b i t o r s  than  
y t t r i u m  i n  a Cr-4 M o  ma t r ix .  During t h e  p r e s e n t  r e p o r t  pe r iod  t h e  work 
was extended t o  more complex ca rb ide -con ta in ing  a l l o y s .  

The f i r s t  group of a l l o y s  con ta in ing  v a r i o u s  c a r b i d e s  and n i t r i d a t i o n  
i n h i b i t o r s  a r e  l i s t e d  i n  Table  1 2  a long  wi th  t h e  o x i d a t i o n  tes t  r e s u l t s .  The 
a l l o y s  w e r e  d rop  c a s t  from e l e c t r o l y t i c  C r  charges  and then  fo rged  50 t o  75% 
a t  2200'F. Ox ida t ion  test specimens were c u t ,  p o l i s h e d  and exposed i n  t h e  
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In  general . ,  t h e  a l l o y s  c o n t a i n i n g  c a r b i d e s  p lus  ge1.teri.ng t1dd.i t i .ons 
e x h i b i t e d  hardening of 50 t o  100 P o i n t s  DPH n e a r  . the s u r f a c e  a t  1500'F, 
a l though no evidence of n i . t r i d e  P r e c i P i t a t . i o n  was noted  a t  t h i s  temper- 
a t u r e .  Some i n t e r g r a n u l a r  ox idnt io i !  occur red  i.n t h e  Cr-TiC-La a l l o y .  

A t  t he  higher  t empera tu rcs ,  L:i ;:ippcnred t o  be 'tnrt mc-)s.t t .f:f 'cctive of 
t h e  add . i t ions  eva lua ted  i n  p reven t ing  n i t r i d a t i o n .  T n e  e f f e c t s  of only  
0 . 2  at0mi.c percent La i n  pr*event,ing n i t r i d a t i o n  a t  2100' and 2400'F i n  
a Cr-ZTC a l l o y  a r e  shown i n  F i g u r e  15. 
on t n e  base  Cr-ZTC a l l o y  wh i l e  1 i t t l . e  o r  no n i t r i d a t i o n  occur red  i n  tne 
Cr-ZTC-0.2La a l l o y .  A c o n c e n t r a t i o n  of 0 .2% L a  was a l s o  e f f e c t i v e  i n  
p reven t ing  n i t r i d a t i o n  i n  tne  C r - T i c  a l l o y  as shown i n  F i g u r e  1 6 ,  a l tnougn  
tiie s u r f a c c  oxide was q u i t o  i r r e g u l a r .  In  t h e  Cr-CbC a l l o y ,  a d d i t i o n s  
of  0.2 La ( o r  Pr) were not  e f f e c t i v e  bu t  a d d i t i o n s  of 0 . 5  La r e s u l t c d  .in 
s i g n i f i c a n t  improvement as  shown i n  F i g u r e  16. Pr was s i m i l a r  t o  La i n  
i t s  e f f e c t  o n  n i t r i d a t i o n  and t h e  Cr-CbC-O.2La was n c n r l y  i d e n t i c a l  i n  appe: i r -  
ance  t o  F igure  16B. 

Thick  n i t r i d e  l a y e r s  were formed 

In t h e  b inary  Cr-La a l l o y s ,  no ev idence  of inc ip ic>nt  m c l  t i n g  was de-. 
t e c t e d  ai. the l e v e l  of 0 . 2  at.omic percent  L a ,  bu t  i n c i p i e n t  ineltirig d i d  
occur  i n  tiit. Cr-0. 5% L a  a l l o y  a t '  2190' and 2400'F. Avni.lal.)le d a t a  o n  
tne Cr-La phase diagram i n d i  ca to  i l i l  ::utectic t c m p r r n 1 : u r e  of about l65Oo t o  
1700'F and tne s o l u b i l i t y  of  L a  a t  2200'F i s  v a r i o u s l y  roportecl  Prom 0 . 6  t u  
less than  0 . 0 5  atomic p e r c e n t .  I n  o r d e r  t o  b e t t e r  e s t a b l i . s n  t h e  s o l u b i l  i . t j -  
of La and t h e  me l t ing  r e l a t i o n s h i p s ,  a d d i t i o n a l  Cr -Ln  a l l o y s  w e l ' c  produccri 
from n igh-pur i ty  ( i o d i d e )  chromium. Al loys  c o n t a i n i n g  0 . 1  t o  0 . 5  atomic 
pe rcen t  i n  increments  of 0 . 1  atomic % were d r o p  c a s t ,  w a r m  r o l l e d  a t  1550'F, 
t h e n  annealed a t  1650° ,  2000' , and 2250'F. Me ta l log raph ic  examinat ion i n -  
d i c a t e d  t h a t  t he  s o l u b i l i t y  of La i n  C r  i s  less t h a n  0.1% i n  t h a t  a second 
phase w a s  p r e sen t  i n  a l l  a l l o y s  and agglomera t ion  of tn i s  phase occur red  
i n  a l l  t n e  a l l o y s  a t  t h e  n i g h e r  t empera tu res .  I n c i p i e n t  m e l t i n g  occur red  
a t  2000' and 2250'F i n  t h e  0 .4  and 0 . 5  atomic pe rcen t  La a l l o y s .  A t  t h i s  
wri t i .ng it i s  no t  c l e a r  whether i n c i p i e n t  me l t ing  occur red  i n  t h e  a l l o y s  
which c o n t a i ~ i e d  l e s s  t han  0.3% La a l though agglomera t ion  d i d  o c c u r ,  

I n  e v a l u a t i n g  t h e  e f f e c t  of La  on t h e  s t r u c t u r e ,  t h e  p u r i t y  of t h e  
s t a r t i n g  m a t e r i a l s  must be  cons ide red .  I t  appears  1 i .ke ly  t h a t  i n  the a l l o y s  
made from t n e  lower p u r i t y  C Y ,  a large p a r t  of t n e  L a  may be p r e s e n t  as 
i n t e r s t i t i a l  compounds and t h u s  does  n o t  r e s u l t  i n  i n c i p i e n t ,  me l t ing  b u t  i s  
s t i  1 1 e f f e c t i v e  i n  i. nn i b i t i. ng n i t 1' i d  s - t  i. on . 

Cr-Mo-La Al lovs  With S e l e c t e d  Carb ides  

An a d d i t i o n a l  series of complex a l l o y s  c o n t a i n i n g  4% Mo, La and va r ious  
c a r b i d e s  w a s  prepared and p a r t i . a l l y  eva lua ted  for o x i d a t i o n  r e s i s t a n c e .  The 
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chemical compositions a r e  given i n  Table  13 a long  w i t h  t h e  r e s u l t s  of a i r  
o x i d a t i o n  tests performed t o  d a t e .  
on a s - c a s t  specimens cu t  from t h e  drop c a s t i n g s .  The d r o p  c a s t i n g s  were 
t h e n  shea thed  i n  M o  and swaged a t  2400°F, bu t  broke up badly .  
t h e  swaged a l l o y s  were s u r f a c e  condi t ioned  and ox id ized  a t  2100°F f o r  100 
hour s .  The s p e c h e n s  were i r r e g u l a r  i n  shape so  t h a t  weight-change d a t a  
cou ld  n o t  be o b t a i n e d ,  b u t - s u b i s u r f a c e  r e a c t i o n s  were fo l lowed me ta l lo -  
g r a p h i c a l l y .  
are shown i n  F i g u r e  17.  

An i n i t i a l  test a t  2400’F was performed 

S e c t i o n s  of 

Mic ros t ruc tu res  of s e v e r a l  of t h e  a l l o y s  a f t e r  t e s t i n g  a t  2100’F 

I n  g e n e r a l ,  t h e  a l l o y s  which conta ined  c a r b i d e s  of Z r  or Hf e x h i b i t e d  
good r e s i s t a n c e  t o  n i t r i d a t i o n  i n  both t h e  as-cast and hot-worked c o n d i t i o n s .  
The a l l o y s  which conta ined  Cb or Ta c a r b i d e s  e x h i b i t e d  ve ry  poor o x i d a t i o n -  
n i t r i d a t i o n  r e s i s t a n c e  i n  t h e  .as -cas t  c o n d i t i o n .  I n  t h e  a l l o y s  c o n t a i n i n g  
CbC t h e  res is tance a p p a r e n t l y  decreased a s  t h e  La c o n c e n t r a t i o n  w a s  i nc reased  
from 0 .3  t o  0 .4  atomic pe rcen t .  I n  t h e  wrought c o n d i t i o n ,  however, t h e  re- 
v e r s e  i s  t r u e ,  a p p a r e n t l y  because working t ends  t o  b reak  up t h e  cont inuous  
Cb-rich c a r b i d e  f i l m s  i n  t h e  g r a i n  boundary. The n i t r i d a t i o n  r e s i s t a n c e  of 
t h e  wrought Cr-4Mo-CbC-0.4La a l l o y  appeared s imilar  t o  t h a t  of t h e  Cr-CbC- 
0.5La a l l o y  (compare F i g u r e s  16D and 17D) except  f o r  some i n t e r n a l  o x i d a t i o n  
i n  t h e  Cr-Mo composi t ion .  

The r e s u l t s  obta ined  t o  d a t e  i n d i c a t e  t h a t  i n  complex a l l o y s  c o n t a i n i n g  
Cb or Ta c a r b i d e s ,  an a d d i t i o n  of from 0 .3  t o  0 . 5  atomic percent  La i s  re- 
q u i r e d  t o  provide  n i t r i d a t i o n  r e s i s t a n c e .  I n  a l l o y s  c o n t a i n i n g  c a r b i d e s  r i c h  
i n  Z r  or Hf, 0.2 t o  0.3% La i s  e f f e c t i v e .  The v e r i f i c a t i o n  of t h e  s u p e r i o r i t y  
of L a  as a n i t r i d a t i o n  i n h i b i t o r  is cons idered  t o  be p o t e n t i a l l y  ve ry  i m -  
p o r t a n t  t o  t h e  d e s i g n  of improved chromium a l l o y s .  T h i s  f a c t o r  w i l l  be 
emphasized i n  Phases C and D of t h e  p r e s e n t  program. 

CONCLUSIONS 

. 1, Complex chromium a l l o y s  were s u c c e s s f u l l y  i n d u c t i o n  me l t ed ,  c a s t ,  
e x t r u d e d ,  and swaged t o  0.25’’ ba r s tock .  . I n t e r s t i t i a l  impur i ty  c o n t e n t s  were 
main ta ined  below 200 ppm t o t a l  by r e v i s e d  c o n s o l i d a t i o n  t echn iques ,  Al loys  
w i t h  a d d i t i o n s  of 4 atomic percent  Mo or W were processed  wi thou t  d i f f i c u l t y ,  
bu t  major s o l u t e  c o n c e n t r a t i o n s  of 6 and 8 atomic pe rcen t  made necessa ry  an 
i n t e r m e d i a t e  working o p e r a t i o n  (impact e x t r u s i o n )  i n  o r d e r  t o  produce even 
a l i m i t e d  supply of bar  s t o c k .  

2. S e v e r a l  d i l u t e  carb ide-conta in ing  and bo r ide -con ta in ing  a l l o y s  ex- 
h i b i t e d  cons ide rab le  d u c t i l i t y  a t  room tempera ture  and measurable p l a s t i c  
f low a t  O°F and below i n  bo th  t h e  wrought and f u l l y  r e c r y s t a l l i z e d  c o n d i t i o n s .  
Depending on t h e  n a t u r e  of t h e  d i s p e r s i o n ,  some such a l l o y s  combined t h i s  
low-temperature d u c t i l i t y  w i th  tensi le  s t r e n g t h s  as h igh  a s  35,000 t o  40,000 
p s i  a t  1900°F. 
a l l o y s  inc reased  t h e  t e n s i l e  s t r e n g t h  a t  1900°F t o  about 60,000 p s i  bu t  r a i s e d  

Addi t ion  of 4 atomic pe rcen t  Mo t o  t h e  d i spe r sed -ca rb ide  
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t h e  DBTT t o  300' t o  400'F. 
a C r - G W - . l O Y  a l l o y ,  which had t e n s i l e  s t r e n g t h s  of 81 ,000  and 30,100 p s i  
a t  1900' ai:d 2400'F r e s p e c t i v e l y .  
r e s p e c t  to s t r e n g t h e n i n g ,  bu t  appears  t o  have a more adve r se  e P f e c t  on work- 
a b i l i t y .  

T n e  h i g h e s t  s t r e n g t h s  t o  d a t e  were observed i n  

W i s  d e f i n i t e l y  s u p e r i o r  t o  Mo w i t h  

3 .  Res i s t ance  t o  o x i d a t i o n  and n i t r i d a t i o n  was shown t o  be a t t r a c t i v e  
i n  C r - Y  or Cr-Mo-Y a l l o y s  wi th  Zr - r i ch  or Hf-r ich  c a r b i d e s .  The b i n a r y  Cr-35Re 
a l l o y  appeared t o  nave e x c e l l e n t  a i r  o x i d a t i o n  r e s i s t a n c e  i n  p r e l i m i n a r y  
t es t s ,  and d i l u t e  Cr -Re-Y a l l o y s  showed promising a i r  o x i d a t i o n  behav io r  a t  
R e  l e v e l s  a s  low as 4 t o  8 atomic pe rcen t .  

4 .  Contrary  t o  p rev ious ly  publ i sned  i n f o r m a t i o n ,  V does  no t  i n c r e a s e  
t h e  s o l u b i l i t y  of W i n  C r .  I n  f a c t ,  some ev idence  was observed of a misc i -  
b i l i t y  gap  i n  t h e  Cr-V b ina ry  s y s t e m .  

5. S u b s t i t u t i o n  of Co f o r  mucii of t h e  R e  i n  d u c t i l e  Cr-35Re a l l o y s  
r e s u l t e d  i n  cold w o r k a b i l i t y  i n  s i n g l e  phase a l l o y s  i3  tne c a s t  c o n d i t i o n .  
These Cr-Re-Co composi t ions ,  however, were s u b j e c t  t o  p ro fuse  sigma p rec ip -  
i t a t i o n  and consequent embr i t t l ement  upon ag ing  a t  1600' t o  1800'F due t o  a 
r a p i d  decrease  i n  t h e  Co so lvus  wi th  d e c r e a s i n g  t empera tu re .  Such a l l o y s ,  
t h e r e f o r e ,  do n o t  appear t o  be p r a c t i c a l .  

6.  D i l u t e  C r - Y  a l l o y s  wi th  CbC, TaC, and T i c  a d d i t i o n s  had f i n e l y  d i s -  
persed ca rb ides  and e x h i b i t e d  a t t r a c t i v e  s t r e n g t h  c h a r a c t e r i s t i c s .  The 
o x i d a t i o n - n i t r i d a t i o n  r e s i s t a n c e  of such a l l o y s ,  however, w a s  markedly i n -  
f e r i o r  t o  those  wi th  Z r C  or HfC d i s p e r s i o n s .  T h e i r  r e l i a b l e  use w i l l  re- 
q u i r e  a more e f f e c t i v e  means of p reven t ing  n i t r o g e n  embr i t t l emen t  than  t h a t  
a f fo rded  by Y. 

7. No a t t r a c t i v e  compositions were i d e n t i f i e d  i n  t h e  Cr-Cb-Si system or 
i t s  b i n a r y  components. Cr-Si-Y a l l o y s  were r a t h e r  b r i t t l e  and t n e  poor a i r  
o x i d a t i o n  r e s i s t a n c e  of Cr-Cb-Y a l l o y s  w a s  s t i l l  e v i d e n t  a f t e r  a d d i t i o n  of S i .  

8.  Addi t ions  of La  were shown t o  be q u i t e  e f f e c t i v e  i n  p reven t ing  
n i t r i d a t i o n  i n  complex a l l o y s  c o n t a i n i n g  c a r b i d e s  as w e l l  as i n  s i n p l e  Cr-La 
and Cr-Mo-La compositions.  Somewnat h ighe r  c o n c e n t r a t i o n s  of La were re- 
q u i r e d  i n  o rde r  t o  promote n i t r i d a t i o n  r e s i s t a n c e  i n  a l l o y s  wi th  CbC or TaC 
d i s p e r s i o n s  than i n  a l l o y s  wi th  Zr - r i ch  c a r b i d e s .  Because of a low soJ~L1~ii.. 
i n  C r  and some evidence  of a r a t h e r  low e u t e c t i c  t empera tu re ,  p o t e n t i a l  prob- 
lems i n  c o n s o l i d a t i n g  La  a l l o y s  were e s t a b l i s h e d ,  bu t  i t s  b e n e f i c i a l  e f f e c t  
on a i r  o x i d a t i o n  behavior  i s  pronounced. 
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APPENDIX A 

“Kromi c ‘I Acid E 1 ec t r o 1 y t i c E t  chan t 

100 m l  

50 m l  

40 m l  

50 g 

20 K 

5 g  

Used a t  8 4 3 volts a t  a current 
d e n s i t y  of-2 to 3 a m p s / c m ‘ .  
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TABLE 2 COMPOS ITIONS OF EXPldRIhUCNTAL .CHROMIUM ALLOYS 

PHASE A - TASK I 

Alloy  
Designation 

C I - 1  
C I  -2 
CI-3 
C I  -4 
CI-5 
CI-6 
CI-7 
C I - 8  
C I  -9 
CI-10 

* cx-11 
* CI-12 
* C I - 1 3  

CI-14 
CI-15 
CI-16 
CI-17 
C I  -18 
CI-19 
c 1-20 
CI-21 
CI-22 
CI-23 
CI-24 

* CI-25 
C 1-26 
CI-27 
C I - 2 8  
C I  -29 
CI -30 
CI-31 
CI-32 
c I - 3 3 
CI-31 
CI-35 
CI-36 
CI-37 
CI-38 
CI-39 
C 1-40 
CI -41 
C I  -42 
C 1-43 
CA -2 

Nominal Composition 
(Atomic %) 

C r - .  1 Y  
C r - ,  2Y 
Cr-. 1Y-.05Hf -.03TR 
Cr-4Mo-. 1 Y  
Cr-GMo-.lY 
Cr-8Mo-.lY 
Cr-4W-. 1 Y  
Cr-6W-. 1 Y  
Cr-4Mo-2W-. 1 Y  
Cr-GMo-2W-. 1 Y  
Cr-4V- .  1 Y  
Cr-1OV-. 1 Y  
Cr-20V-, 1 Y  
Cr-lOV-4Mo-. 1 Y  
Cr-lOV-4W-. 1 Y  
Cr-4Re-. 1 Y  
Cr-4Co-. 1 Y  
Cr-8Co-, 1 Y  
C r -  . 0 5Y -4Zr - .2T i - .4C 
C r - .  1 Y  - . 4 Z r - .  2Ti - .4C 
Cr-.05Y-.3Hf-.3Zr-.4C 
C r -  ,05Y - . 4 Z r - .  2Ti - .4B 
Cr-.05Y-.3141-.3Zr-.4B 
Cr-.05Y-,4Ta-.2Zr-.4B 
Cr-4Mo-.05Y-4Zr-.2Ti 
C r - 4hlo - . 1  Y - .4Z r - .2T i 
Cr-4Mo-. lY-.3HP-.32r 
Cr-4Mo-. 1 Y - .  05lIf -. 03Th 
C r -4Mo - . 0 5 Y  - . 4 Z r - .  2T i - .4C 
Cr-4Mo-. I Y - .  ?Zr-.2Ti-.IC 
Cr-.?Mo-, 05Y - .5Zr -. 25Ti - .4C 
Cr-4Mo-. 0 5 Y - ,  3Zr-. 15Ti - .  4C 
C r  - 4 M o - ,  05Y - . GT i - . 4 C  
Cr-4M0-.05Y-. 6Zr-.4C 
C ~ - ~ M O - .  05Y-. G H f  - ,  4C 
Cr-dMo-. 05Y-. Wb-.  4C 
C r -4hIo  - , 0 5Y - . 3 H f  - .3Zr - . 4 C  
Cr--.ll\lo-, 05Y-, G%r-.3Ti-. 6C 
Cr-4Mo- .05Y - . Z r - .  1 T i  -. 212 
cro-mto-. O ~ Y  - . w a-  . 2 ~ r  - .4c 
C 1' - ~ M o - .  05Y -.  6Ta-. 'IC 
C I' - 4Mo - . 0 5Y - . 4 C  1, - . 2Z 1' - .4C 
C r - 4 M o - . % l r 3 -  4Cb-.2Zr-.4C 
C r -3 5R t' 

Gas . Content  . . . . .  
( PPm) 

N 

77 
104 

92 
133 

72 
87 
89 
89 
76 
99 

- 

- 
- 
- 
86 
87 
,9 9 
61 
67 
81 
72 
74 
92 
76 
88 

97 
89 
8 5  
93 

100 
71 
79 
68 
86 
13  
80 
55 
86 
91 
63 
53 
46 
89 

c: 10 

- 

O H  

120 l o  
69 13 
25 11 
37 8 
35 6 
1 9  5 
28 13  
29 7 
22 8 
29 6 

- -  

- - 
- - - - 
60 7 
58 7 
60 5 
41 7 
86 10 
38 5 
24 6 
21 11 
20 7 
19 8 
23 8 

34 12 
18 17  
31 6 
26 11 
12 13 
18 13  
20 9 
16 12 
18 1 5  
52 8 
77 5 
43 12 
70 16 
13 12 
13  12 
36 2 
19 3 

134 5 
48 3 

- - 

Approx. Ana lys i s  
(Wt. %) 

Y Zr 

. 1 3  .07 
* 25 .07  
.13 . O B  
* 1 5  , 0 6  
.19 e10 
.13 .08 
.19 < .02 
.09 .16 
.15  .07  
. 1 5  .07 

-- 

. 1 3  . 06  

.02  .08  
< ,02 < .02  

. 07  . 0 6  
* 13 04 
- 0 2  > . 4 0  
.07  > . 40  

< .02 > . 40  
< .02 > .40  

. 08  > .40  

.08 .25  

.08 > .40 

.L4 > .40  

.03 < .02 

.05  > .40 

. 1 5  > . 40  

. 0 5  > .40  

.09 . 2 8  

.05  .06  

. 0 3  > .40  

.09 . 03  

. 0 5  .06 
< .02 > .40 

.05 > .40  

. 07  > . 4 0  

.05 .40 

.07  . 06 

.07 * 31 
<- . 0 2  > .40  

- - 

* Froin Q u a n t i t a t i v e  x - ~ t a y  Emission 
* Dropped From Program 

I 
1 
1 
i 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
I 
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8 
t 
1 
I 
I 
I 
I 
1 
8 
I 
I 
I 
I 
I 
I 
8 
I 
8 
I 

Alloy  

C I - 1  
CI-2 
C I - 3  
C I  -4 
C I  -5 
CI-6 
CI-7 
C I - 8  
CI-9 
CI-10 
CI-14 
CI-15 
CI-16 
CI-17 
C I - 1 8  
CI-19 
CI-20 
CI-21 
CI-22 
C 1-23 
C I  -24 
CI-24 
C I  -26 
CI-27 
C I  -28 
CI-29 
CI-30 
C I - 3 1  
C 1-32 
CI-33 
CI-34 
CI-35 
CI-36 
C I  -37 
C 1-38 
CI-39 
C I  -40 
C I  -41 
C I  -42 
(21-43 

TABLE 3 EXTRUSION DATA - PHASE A ALLOYS 

Ext rus ion  - Glass* E x t r u s i o n  Force  (Tons) Speed 
Temp ("F) Lubr icant  - Upset Aver age ( i n / s e c )  

2000 
2000 
2000 
2700 
2700 
27 50 
27 50 
2750 
2750 
2750 
2700 
2700 
2750 
2 500 
2500 
2200 
2200 
2200 
2200 
2200 
2200 
2400 
2700 
2750 
2750 
2700 
2750 
2750 
2750 
27 50 
2750 
2 700 
2750 
2700 
2750 
2750 
2750 
27 50 
2750 
27 50 

7052 
7052 
7052 
7740 
7740 
7052 
7740 
7740 
7740 
7740 
7740 
1720 
7052 
7052 
7052 
7052 
7052 
7052 
9774 
8378 
7052 
0010 
7740 
7052 
7052 
7052 
7052 
7052 
7052 
7052 
7052 
7740 
7052 
7740 
7052 
7052 
7052 
7052 
7052 
7052 

150 
175 
150 
22 5 
2 50 
2 50 
200 
200 
200 
2 60 
22 5 
210 
200 
175 
175 
175 
150 
135 
225 
175 

200 
235 
200 
175 
200 
200 
175 
200 
22 5 
180 
23 5 
200 
2 50 
200 
175  
175 
225 
225 
260 

St a1 l e d  

150 3 
175 2 
130 2 .5  
190 2 .5  
200 2.5 
2 50 2 .5  
200 2.5 
180 3 
180 3 
225 2 
175 2.5 
210 2 .5  
200 4 
160 2 .5  
160 2.5 
175  2 .5  
125 3 
100 2.5 
200 5 
175 2.5 

200 ( re - run)  4 .5  
200 2 
200 2 
175 3 
200 2.5 
200 2 
175 2 . 5  
200 3 
225 
180 3 . 5  
200 2 
200 4 
220 
200 3 
175 2 
175 4 
225 2.5 
225 2.5 
260 

(temp, t o o  low) - 

- 

- 

- 

* Corning Des igna t ion  
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A l l o y  

C I - 1  
C I - 2  
C I - 3  
C I  -4 
C I - 5  
C I - 6  
C I - 7  
C I - 8  
C I - 9  
C I - 1 0  
C I - 1 4  
C I - 1 5  
C I - 1 6  
C 1-17 
C I - 1 8  
C I - 1 9  
C I  -20 
C I - 2 1  
C I - 2 2  
C I - 2 3  
C I - 2 4  
C I - 2 6  
C I - 2 7  
C I - 2 8  
C I - 2 9  
C I - 3 0  
C I - 3 1  
C I - 3 2  
C I  -33 
C I  -34 
C I - 3 5  
C 1-36 
C I - 3 7  
C 1-38 
C I - 3 9  
C I - 4 0  
C I - 4 1  
C 1-42 
C I - 4 3  
CA -2 

TABLE 4 EFFECT OF PROCESSING ON THE MICROHARDNESS OF 

PHASE A 

Nominal C o m p o s i t i o n  
( A t o m i c  %) 

C r - .  1 Y  
C r - . 2 Y  
C r - ,  1 Y -  .05Hf - a 03Th 
Cr-4Mo-. lY 
Cr-6Mo-. 1 Y  
Cr-8Mo-. 1 Y  
Cr-4W-. 1 Y  
Cr-6W-. 1 Y  
C r  -4Mo -2W - . 1 Y  
Cr-GMo-2W-. 1 Y  
Cr-lOV-4Mo-. 1Y 
Cr-lOV-4W-. 1 Y  
Cr-4Re - . l Y  
Cr-4Co- ,  1Y 
Cr-8Co- .  1 Y  
C r - . 0 5 Y - . 4 Z r - . 2 T i - . 4 C  
C r -  . l Y  - . 4 Z r - .  2 T i  - .4C 
C r -  . 0 5 Y  -. 3 H f  - . 3 Z r - .  4C 
Cr- , 0 5 Y  - . 4 Z r  - . 2 T i  - . 4 B  
C r - . 0 5 Y - .  3Hf -. 3 Z r - .  4B 
C r - .  0 5 Y  -. 4Ta-. 2 Z r - .  4B 
Cr-4Mo-. 1 Y - .  4 Z r - .  2 T i  
Cr-4Mo-. 1Y- .  3Hf -. 3 Z r  
C r  -4Mo- , 1 Y  - . 0 5 H f  - .03Th 
C r -4Mcj - , 0 5 Y  - . 4 Z r - .  2 T i  - . 4 C  
Cr-4Mo-.lY-.IZr-.2Ti-.4C 
Cr-4Mo-, 05Y- .  5 2 ~ .  25Ti- .  4C 
Cr-/1Mo-. 05Y-.  3 Z r - .  15Ti- .  4C 
C r -4Mo - . 0 5Y - . 6 T i  - .4C 
C ~ - ~ M O - . O ~ Y - . ~ Z ~ - . ~ C  
C r  -4Mo-. 05Y-.  6 H f  - .4C 
Cr-4Mo-.OSY-.GCb-.?C 
Cr-4Mo-. 0 5Y - , 3 H P  - . 3 Z r - .  4C 
C r - 4 M o - . O S Y - . 6 Z r - 3 T i - . W  
C r -4Mo- . 0 5 Y  - . 2 Z r  - . l T  i - .2C 
C r  -4Mo-, 0 5Y - .4Ta- .  2 Z r  - . 4 C  
C r  -4Mo-. 0 5 Y  - .6Ta-.  I C  
C r  -4Mo-. 0 5 Y  - .4Cb-. 2 Z r  - .4C 
C r -4Mo - . 2 L a  - . 4 C  b - , 2 Z r  - . 4 C  
Cr -35Re 

CHROMIUM ALLOYS 

D i a m o n d  Pyramid 
Hardness (kg/mm 2 +  ) 

C a s t  Ex t r uded 

101 
111 
11 5 
251 
330 
345 
297 
307 
339 
378 
310 
313 
183 
330 
493 
137 
128 
134 
122 
116 
158 
279 
241 
283 
260 
274 
236 
261 
287 
266 
292 
274 
296 
283 
287 
260 
280 
279 
262 
330 

156 
165 
142 
268 
306 
3 53 
299 
371 
332 
333 
401 
3 49 
2 40 
336 
524 
166 
136 
146 
157 
150 
198 
283 
296 
2 68 
265 
280 
286 
289 
327 
311 
2 74 
322 
283 
292 
274 
277 
333 
311 
333 

Swaged 

177 
172 
221 
325 
332 * - *  
3 58 * 
- *  
- *  
- *  
- *  

274 
353 

191 
188 
175 
190 
206 
206 
296 

- *  

- 
- 
- 

293 
345 

369 
311 
316 
376 
316 
3 56 
306 

3 63 

- 

- 
- 
- 

437 

' 2. 5 K I  l o ( ; ~ ~ i ~ ~  load 
' Impact extruded p r i o r  to P i n a l  swaging t r i a l s  
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Swaging 
Temp. (OF) 

1900 
1900 
1900 
2 1 0 0  
2250 

2:; 50 
2300 

2300 
2200 

2250 
2200 

2000 
2000 
2000 
2000 
2000 
2200 
2200 
2200 
2200 
2200 
22 50 
2200 
2250 
2200 
2200 
2200 
22 50 
2200 
2250 
2200 
2250 
2250 
2300 
2350 
2200 

- 

- 

- 

I 
1 
1 
1 
i 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
I 
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A 1 loy 

C I - 1  

TABLE 6 

TENSIIZ PROPERTIES OF WROUGET CHROMIUM ALLX>Es 

AFTER ONE-HOUR ANNEALING AT 2000°F ( 0  = .03 PER MINUTE) 

Nomina 1 Compos i t ion  
( A t o m i c  %I 

T e s t  
Temp 
OF 

C r -  . 1 O Y  

CI-2 Cr-.20Y 

C I - 3  Cr-. 1OY-. 05Hf-. 03Th 

CI-4 Cr-4Mo-. 1OY 

C I - 5  Cr-6Mo-. 1 O Y  

CI-7 Cr-4W-. 1 O Y  

C I - 8  Cr-6W-. l O Y  

CI-10 Cr-6Mo-2W-. 1OY 

CI-14 Cr-lOV-4Mo-. 1 O Y  

C I -  17 Cr-4Co-. 1OY 

C I -  19 C r -  .05Y-. 4 Z r - .  2Ti-. 4C 

75 
2 00 

1900 
2 400 

75 
1.9 00 
2 4GG 

75 
19c.O 
2400 

2 00 
400 
GGO 

19 00 
2400 

2400 

1900 
2400 

19 00 
2400 

2 400 

1900 
2400 

200 
1900 
2400 

-50 
0 

75 
2 00 

28 

bTS 
( k s i )  

38 ..r 
45.4 
12 .4  
5 . 2  

42.9 
9.3 
/: . 2 

43.9 
19 .9  
5 . 5  

723.3 
90. G 
2:. 5 
46.4 
17.6  

24 .0  

63 .6  
24.3 

81 .0  
3 0 . 1  

29.2 

68.9 
22.8 

67.9 
21 .7  

4.9 

72.5 
63 .8  
59.4 
6 4 . 1  

.2% 
O f f s e t  
( k s i )  -- 

38.0 
2 8 . 1  

8 . 4  
3 . 4  

42 .0  
5 . 8  
3 . 4  

3 2 . 5  
1 9 . 4  
4 . 1  

73.3 
6 9 . 4  
6 7 . 0  
37 .2  
1 6 . 5  

22.8 

50.9 
22 .7  

73.2 
28 .5  

28 .7  

59 .7  
22 .0  

> 67.9 
20 .5  

4 . 1  

> 72.5 
50.2 
3 8 . 6  
34 .6  

Elong. 
% 

1 . 5  
59.2 
6 7 . 1  
58 .2  

0 . 4  
6 3 . 1  
59 .4  

5 . 9  
22 .3  
6 3 . 5  

1 .0  
1S.4 
25 .7  
16 .8  
31 .9  

14.2 

20 .7  
19 .5  

19 .3  
48.6 

2 s .  1 

22.0  
1 7 . 3  

0 . 1  
7 5 . 7  

128 .0  

0 
3 . 1  
8 . 0  

39 .5  

RA 
% 
1.5 

78 .3  
9 6 , 5  
96 .0  

- 

1.7 
9 5 . 1  
9 5 . 5  

6 . 4  
8 7 . 7  
78 .2  

1 . 7  
2 9 . 9  

48 .2  
32 .6  

44. a 

15.4 

74.3 
24 .5  

71 .5  
66 .0  

30 .5  

7 5 . 1  
22 .4  

0 
81 .5  
90 .0  

0 
3 . 3  
8 . 2  

61 .6  



8 
I 
8 
1 

Alloy 

CI-19 
- 

CI-20 

CI-2 1 

CI-22 

CI-23 

CI-26 

CI-27 

CI-28 

CI-29 

CI-30 

CI-31 

T A B U  S 

(Con t inve d ) 

Nomina 1 Compos it i on 
(Atomic %) 

Cr-.05Y-.4Zr-.2Ti-.4C 

Cr-. 1OY- .4Zr-. 2Ti-. 4C 

Cr- .05Y-. 3Hf - .3Zr-. 4C 

Cr-4Mo-. 1OY-. 4Zr-2Ti 

Cr-4Mo-.OSY-.3Hf-.3Zr 

Cr-4Mo-. 1OY- .05Hf - .03Th 

Cr-410-.05Y-.4Zr-.2Ti-.4C 

Cr-4Mo-. 1OY- .4Zr-. 2Ti-. 4C 

Test 
Temp 
OF 

400 
19 00 
2400 

-50 
75 

1900 
2400 

-50 
75 

2 00 
400 
1900 
2 400 

75 
19 00 
2400 

75 
1900 
2400 

400 
1900 
2 400 

19 00 
2 400 

19 00 
2400 

19 00 
2400 

400 
600 
1900 
2 400 

400 
1900 
2400 

- 

29 

UTS 
( k s i )  

54.9 
21,7 
7.9 

71.9 
57.6 
15.1 
5.9 

67.7 
71.5 
63.5 
51.7 
36.5 
5.9 

82.9 
35.7 

s .0  

67.0 
34.8 
8.9 

36.9 
54.9 
20.1 

52.8 
18.3 

49.7 
18.1 

56.4 
20.9 

68.6 
69.9 
47.8 
18.8 

51.2 
46.7 
19.8 

.2% 
Offset 
(ks i) 

30.3 
19.2 
6.3 

70.8 
42.2 
8.7 
4.5 

67,O 
45.5 
34.4 
33.1 
35.0 
5.0 

58.9 
33.4 
6.5 

63.5 
33.0 
7.8 

> 36.9 
44.8 
19.5 

49.5 
16.6 

42.2 
17.4 

52.0 
20.7 

59.7 
59.6 
41.3 
15.9 

> 51.2 
32.8 
19.1 

E l o n g  . 
% 
43.5 
30.0 
55.z  

0.5 
22.7 
48.8 
59.0 

0.8 
21.3 
57.2 
60.8 
30.2 
94.2 

12.9 
17.3 
91.5 

1.5 
16.7 
82.0 

0 
22.8 
40.5 

18.0 
50.6 

17.4 
21.2 

27.8 
19.6 

1.6 
1.5 
14.9 
23.9 

0 
23.9 
18.5 

RA 
% 

73.0 
87.5 
95.5 

0.5 
24.6 
72.7 
63.2 

0.8 
24.2 
64.8 
70.7 
86.5 
91.5 

12.9 
79.7 
97.5 

1.8 
73.7 
95.0 

0 
61.9 
43.1 

64.2 
62.7 

49.5 
24.8 

72.7 
29.8 

1.8 
1.5 

29.8 
31.8 

0 
45.8 
23.4 

- 



A 1 loy - 
CI-32 

CI-35 

CI-37 

Nominal Composition 
(Atomic %) 

Cr-4Mo-.05Y-.3Zr-.15Ti-.4C 

TABLE 6 

(Cont inued) 

Cr-4Mo- .05Y-. 6 H f  - .4C 

Cr-4Mo-. 05Y-. 3Hf-. 3Zr-. 4C 

CA -2 Cr-35Re 

Test 
Temp 
OF 

1900 
2400 

400 
1900 
2400 

400 
600 
1900 
2 100 
2300 
2400 

1900 
2400 

30 

UTS 
( k s i )  

56.6 
17.1 

90.5 
58.2 
19.3 

104.0 
104.5 
61.0 
39.2 
23.5 
20.7 

69.7 
22.3 

.2% 
O f f  set 
(ksi) 

49.8 
14.9 

74.4 
54.2 
18.7 

84.7 
77.2 
57.2 
31.9 
21.0 
19.7 

63.2 
17.0 

E long 
% 
25.8 
46.5 

2.3 
19.6 
37.9 

4.1 
28.2 
26.2 
41.7 
56.4 
46.2 

16.0 
38.8 

RA 
% 
82.0 
90.5 

3.2 
59.2 
38.1 

5.7 
48.0 
71.7 
75.7 
56.7 
50.2 

28.8 
39.1 

- 



TABLE 7 

Cr-W -V ALLOY COMPOSITIONS AND METALLOGRAPHIC DATA 

Al lov  
Composition (At .  %)* 2900°F, 2 H r s .  + 1800°F, 200 H r s .  

S t r u c t u r e  DPH - S t r u c t u r e  DPH - v - W - 
4.9 

7;8 

10.0 

5.1 

4.8 

7.3 

7.8 

7.6 

10.1 

10.3 

10.1 

-- 
. .  -- 
-- 
5.1 

9.6 

4.7 

10.4 

15.5 

10.1 

15.6 

20.3 

313 

321 

41 7 

3 58 

3 58 

387 

44 4 

417 

453 

4 58 

448 

S i n g l e  Phase 
I 1  

I 1  

I t  

I I  

I t  

I 1  

I I  

I I  

II 

I I  

329 

321 

429 

337 

346 

405 

418 

438 

4 59 

479 

482 

* Calcu la t ed  from charge  weights  and 'weignt  
changes d u r i n g  mel t ing .  

31 

S i n g l e  Phase 
11  

2 - Phase 

S i n g l e  Phase 

2 - Phase 

S i n g l e  Phase 

2 - Phase 
I I  

I t  

1 1  

11 



TABLE 8 

COMPOSITIONS AND METALLOGRAPHIC OBSERVATIONS IN 
Cr-Re-Co ALLOYS 

Met a1 1 ograph ic  Obse rva t i o n s  
Composition (At. %) 

C O  Re 

5 . 7 5  30 .2  

2 . 5  25 .6  

4 . 9  24.8  

5 , 2  2 0 . 4  

7 . 5  18 .9  

5 . 1  1 5 . 3  

1 0 . 4  1 4 . 2  

2750-F, 2 Hrs . + 1650'F,100 Hrs. 
DPH * - S t r u c t u r e  DPH * - Structure  

2 - Phase 477 2 - Phase 487 

S i n g l e  Phase 365 S i n g l e  Phase 371 
I f  11  43 9 Slight Prac i -  439 

p i t a t e  
I 1  I 1  I, I 1  465 43 5 

52 4 515 

453 S i n g l e  Phase 430 

564 S l i g h t  Preci- 57 1 

I t  1 1  1 1  II 

I t  1 1  

II ,I 

p i t a t e  

* Diamond Pyramid Hardness, 1 Kg Load 

33 
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I 
I 
I 
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I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 

TABLE 9 

EFFECT8 OF 8OLvTES FROM ORaUPB I V  A AND V A 
W THE A I R  OXIDATION OF C r - Y e  ALLOYS 

Nominal Composition 
( A t .  X )  

Cr-.  SM 

Cr-,  SM-. 1 Y  

Cr-,  SM- . aY 
Cr-. 5M-. 4C 

Cr-.  M-. 4C-. 1 Y  

Cr-.  SM-. 4c-. ay 

Cr-1M-. 4C 

Cr-l#-.4C-. 1 Y  

Cr-l1(-.4C-. aY 

100-Hour Weight Gain (mg/cma ) 
V 

18.0 13.3 16.1 - 
- Hi - Z r  Y - 2  - 

2.7 1.4 a.8 i a .8  

a.3 a. s 1.0 13.1 
i4.a 4.6 8.a - 
4.6 3.0 5.7 3.0 

4.8 2.9 4.0 1.8 

11.0 3.7 0 . 6  1o.a 
a. LL 3.0 2.3 8 .4  

3.3 a.a 3.4 2.3 

at 2 100' Fa 
Ta - Cb - 

23.3 10.3 

1a.a 14.2 

11.3 11.4 

20.8 17.8 

18.1 12.0 

10.0 13.3 

33.1 - 
24.5 13.0 

12.5 - 

'The 100-hour weight gains of unalloyed C r  and 
Cr-,lY are 12.7 and 2.0 mg/cma, respectively,  
a t  2100'F. 
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a )  Nominal Comp. 
( A t .  %) 

C r  -ZTC 

Cr-ZTC-. 2La 

C r-ZTC - ,5La 

Cr-ZTC-. 2Pr 

Cr-ZTC-. 5Pr 

Cr-ZTC-. 5MM 

Cr-CbC-.2Le 

Cr-CbC-. 5La 

Cr-CbC-. 2Pr 

Cr-CbC-. 2MM 

Cr-TIC-. 2La 

Cr- .  2La 

Cr-.  5La 

Temp. - (OF) 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
21 00 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

Weight Gain (mg/cma 
To ta l  

0.31 
2.5 

. 7.5 

- 

0.30 
0.20 
0.40 

0.26 
0.75 
0.70 

0.27 
0.86 
1 .3  

0.48 
1 . 5  
1.9 

0.39 
1 .5  
1 .9  

0.67 
1.2 
2.0 

0.54 
7.1 

67.0 "-20.0 

N e t  

0.31 

- 
-3.2 
-6.7 

0.30 
0.20 

-0.6 

0.26 
0.75 
0.70 

0.27 
0.86 
0.80 

0.48 
1.5 
1.9 

0.39 
1 .5  
1.9 

0.67 
1.2 
2.0 

0.54 
4.3 

0.04 0.04 
0 0 
0.9 0.5 

0.22 0.22 
5.2 5.2 
6.7 -23.0 

0.92 0.92 
3.1 1.9 

71.5 c)-20.2 

0.78 0 .78  
6.7 8 .7  
3.6 3.2 

0.10 0.10 
0.98 0.98 
1.3 1.3 

0.26 0.26 
0.03 0.03 
4.5 -1.7 

- b) 
DPH, 1Kg 

Edge --- Core Comments 

283 
1332 
1226 

251 
247 
22 5 

270 
2 27 
230 

281 
276 
233 

322 
247 
227 

2 78 
2 54 
2 51 

281 
2 64 
221 

297 
63 0 

1560 

2 58 
247 
2 60 

2 51 
268 

17 50 

281 
1081 
1505 

281 
2 58 
251 

196 
183 
197 

160 
138 
143 

2 49 
2 52 
202 

200 
178 
179 

206 
212 
199 

224 
2 54 
179 

239 
196 
170 

241 
178 
186 

236 
199 
192 

297 
189 

1452 

236 
22 1 
192 

251 
230 
199 

289 
192 
292 

233 
198 
184 

198 
189 
160 

201 
150 
137 

Thick sur f  ace n i t r i d e s  
a t  2100' and 2400'F. 

L i t t l e  o r  no n i t r i d i n g .  

No n i t r i d i n g  a t  any T. 

Small a m ' t .  i n t e r g r a n u l a r  
n i t r i d e  a t  2100' and 2400'F. 

No n i t r i d i n g ,  

Some IG n i t r i d e  a t  2100°F, 
t h i n  l a y e r  a t  2400'F. 

Small a m ' t  I G  n i t r i d e .  

Extensive n i t r i d i n g .  

L i t t l e  or no n i t r i d i n g .  

Extensive n i t r i d i n g .  

Extens ive  n i t r i d i n g .  

L i t t l e  or no n i t r i d e ;  
t h i c k  i r r e g u l a r  oxide 
with i n t e r n a l  s t r i n g e r s .  

No n i t r i d i n g  o r  i n c i p i e n t  
m e 1  t ing  . 
No n i t r i d i n g ,  bout i n c i p i e n t  
mel t ing a t  2100 and 2400'F. 

a) ZTC = .4Zr-.2Ti-.4C 
CbC = .6Cb-.4C 
MM = miechmetal 

No n i t r i d i n g  a t  1500'F i n  any a l l o y .  b) 

C) Specimen badly cracked. 
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A. 
CI-1 

(Cr-.lOY) 
C. 

CI-19 
(Cr-.05Y-ZTC) 

E. 
CI-33 

(Cr-.05Y-TiC) 

F1493 
lOOOX 

E5306 
lOOOX 

F2332 
lOOOX 

B. 
CA-2 

(Cr-35Re) 
D. 

CI-21 
(Cr-.05Y-HZC) 

F. 
CI-36 

(Cr-.05Y<bC) 

F1476 
lOOOX 

E5734 
lOOOX 

F2334 
lOOOX 

Figure 2. 
Microstructures of 

swaged chromium alloys. 
Etched 

in Kromic acid. 



i 
I 
I 
I 
I 
I 
i 
1 
I 
I 
I 
I 
I 
m 
I 
I 
I 
I 
1 

440 

400 

N 360 
E 
E 

= 320 

z 280 

240 

m 
v) 

c 
U 
L 

U .- 
E 
2 200 
Q 

z 160 
0 

m 
E 
.- 
a 120 

80 

40 

0 

Temperature for 50% - 

- 

- 0 

- 

- C 1-4 

1 CI-1 

v CA-2 3 5 R e  
A C I -30 4MO-. 1OY -ZTC 
~3 CI-4 4M0-,10Y 

- C 1-20 . 10Y-ZTC 
0 CI-1  .1OY 

I I I I I I I 

0 400 800 1200 1600 ZOO0 2400 2800 3200 
O n e - H o u r  A n n e a l i n g  T e m p e r a t u r e ,  O F  

Figure 3. Effect of annealing on the microhardness and 
recrystallization of representative chromium 
alloys. 



E6028 looox 
A. As Swaged 

E6029 looox 
B. A + 2000°F, One Hour 

E6032 looox 
C. A + 2200°F, One Hour 

1 
1 
I 
1 
I 
1 
I 
I 
1 
I 
I 
I 
1 
1 F722 looox 

D. A + 2400°F, One Hour 

I 
Figure 4. Effect of indicated annealing treatments on the distribution of 

carbides in alloy CI-37 (Cr-4Mo-.05Y-HZC). Etched in Kromic acid. 
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Figure  5. T e n s i l e  s t r e n g t h s  of r e p r e s e n t a t i v e  alloys a f t e r  
one-hour anneal ing a t  2000'F. ( 6  = .03 Min") . 
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Figure 6. Tensile ductility of representative alloys after 
one-nour annealing at 2000'F (See Figure 5 for 
compositions). 
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Figure  7. T e n s i l e  s t r e n g t h s  of s t r o n g e s t  a l l o y s  of each 
genera l  type a f t e r  2000'F - 1 hour annea l ing  

( k  = .03 min-l) . 
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Figure 8. Tensile ductility of strongest alloys of each 
general type after 2000'F - 1 hour annealing 
(See Figure 7 for compositions). 
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A,. Cr-5.1w-5.1V 2 50X B . Cr-4.8W-9.6V 2 50X 

C . Cr-10 .3W-15.6V 2 50X D. Cr-lO.1W-20.3V 2 50X 

Figure 9. Microstructures of Cr-W-V alloys aged 200 hours at 1800'F. 
10% bxalic acid. 
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Figure 10. Cr-rich corner of the Cr-W-V equilibrium diagram 
a t  1800°F, showing loca t ion  of experimental a l l o  s 
and extent  of W s o l u b i l i t y  ,according to  English T9 1 - 
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A. Cr-14.2Re-10.4Co 

Grain-boundary sigma 

M9871 2 50X 

B. Cr-11.ORe-17,Xo 

Approximately 50% sigma 

M7973 250X 

C. Cr-11.ORe-23.1Co 

Approximately 80% sigma 

M7974 2 50X 

Figure 11. Effect of 100-hour aging at 1650'F on the structure of Cr-Re-Co 
alloys at indicated atomic concentrations. Etched 10% oxalic 
acid. 
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Figure 12. Cr-rich corner of the Cr-Re-Co equilibrium diagram 
at 1650°F, showing extent of chromium s o l i d  
solutions.  
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3871 1 ooox 

A .  C r - l Z r - . & - . l Y  a t  1500°F 

2546 looox 

C .  Cr-lCb.4C-.lY a t  1500°F 

3698 looox 

B .  c ~ - ~ z ~ - . ~ c - . L Y  at 2100'~ 

1 ooox 3838 

D .  Cr-lCb-.4C-.lY at 2100'F 

Figure 13. D i lu te  Cr-Y a l l o y s  containing Z r C  and CbC d i spers ions  
after 100-hour a i r  oxidat ion a t  indicated temperatures. 
Nominal compositions - atomic %. Etched i n  Kromic ac id .  
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6917 l O O X  

A. Cr-ZTC l O O H r s  at 2100'F 

1 - <  
,r \ .) 4 .? .r) . t .  

c , .  ' 
I - .  

#. I. 

6916 lOOX 

B. Cr-ZTC 24Hrs at 2400'F 

6919 lOOX 7238 500X 

C. Cr-0.2La-ZTC l O O H r s  at 2100'F D. Cr-0.2La-ZTC 24Hrs at 2400'F 

Figure 15. Effects of 0.2 atomic percent La on the air oxidation of Cr-ZTC 
alloy. Etched 10% oxalic acid. 



6921 lOOX 

A. Cr-.2La-TiC 24Hrs at 2400'F 

6924 lOOX 

B. Cr-.2Pr-CbC 24Hrs at 2400'F 

72 40 500X 

C. Cr-.5LaCbC 24Hrs at 2400'F 

6927 lOOX 

D. Cr-.5La-CbC lOOHrs at 2100'F 

Figure 16. Effects of La and Pr additions on the air oxidation of Cr-Tic 
and Cr-CbC alloys. Etched 10% oxalic acid. 
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